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ABSTRACT 
 
Suitable spice inoculation procedures using surrogates of Salmonella are needed 
to perform adequate validations of spice disinfection processes. In this study, inoculation 
procedures of dried oregano and onion powder (OP) were developed and standardized 
using Salmonella, and Pediococcus faecium, as a potential surrogate. The effectiveness of 
traditional liquid inoculation was compared with dry inoculation of spices using silica and 
talcum powder (as inert vehicles for the microorganisms). A small amount of inoculated 
OP was used as starter for inoculation of larger bathes of OP. The stability of the 
inoculated microorganisms was monitored over time at -18, 4, and 25 °C. 
Salmonella strains isolated from outbreaks associated with spices (SRSS) and non-
associated with spices (non-SRSS) were evaluated to determine their appropriateness to 
represent the most resistant pathogenic strains during spice desiccation processes.  
For dry oregano, the final concentrations of SRSS, non-SRSS, and P. faecium were 
5.5, 3.6, and 4.2 log CFU/g, respectively, when using a liquid inoculation. When removing 
18% of the oregano’s EO, the concentration of SRSS, non-SRSS, and P. faecium increased 
to 7.2, 5.1, and 6.4. log CFU/g, respectively; and when removing 58% of the oregano’s 
EO, the final counts were 7.0, 5.6, and 7.2 log CFU/g, respectively. Dry inoculation of 
oregano using pre-inoculated inert powders yielded in silica: 6.7, 5.0, and 6.9 CFU/g, and 
in talcum: 6.0, < 3, and 7.8 log CFU/g of SRSS, non-SRSS, and P. faecium, respectively. 
For OP, liquid inoculation was not successful since the consistency changed from 
powdery to clumpy and sticky. However, the OP consistency was maintained when 
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inoculating in a 1:50 v/w (inocula/OP) ratio. After desiccation, SRSS, non-SRSS, and P. 
faecium had a reduction of 0.7, 0.8, and 0.0 log CFU/g of SRSS, non-SRSS, and P. 
faecium. 
The SRSS showed higher resistance to desiccation than the non-SRSS, whereas P. 
faecium showed the greatest resistance between the 3 groups of microorganisms.  
In general, all microorganisms were more stable at -18 and 4 °C than at 25 °C 
during storage independently of the matrix tested. 
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1 INTRODUCTION 
In light of the new evidence that questions the safety of spices, more attention has 
been paid to the mitigation and control of pathogens from farm to table to reduce public 
health risk associated with spice consumption. Food safety specialists have paid special 
attention to the development of validation procedures, supported with challenge studies, 
to evaluate disinfection processes of spices. 
The design of validation procedures using challenge studies starts with the 
selection of target pathogens and their potential surrogates, inoculation procedures, 
stabilization of the inoculated product, and verification of the surrogate suitability when a 
specific control measure is used. In this study, standardized and stable methodologies were 
developed for the inoculation of two type of spices, dried oregano leaves and onion 
powder. 
The use of sanitary practices during production, harvesting, and processing of 
spices may not be sufficient to reduce the risk of contamination since these products are 
commonly grown in open fields and usually subjected to drying processes in open 
environments. Therefore, the use of antimicrobial treatments is essential to minimize the 
possible presence of foodborne pathogens. 
Various antimicrobial treatments have been developed to sterilize spices and herbs. 
The major treatment categories are 1) irradiation, such as gamma and e-beam rays, 2) 
fumigation, with propylene oxide or ethylene oxide, and 3) heat processes like high-
pressure steam and dry heat (55). 
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Ideally, the efficacy of these treatments at reducing bacterial pathogens should be 
validated to provide quantifiable control assurance. Validation consists of collecting 
evidence that demonstrates the control measure is capable of controlling the hazard to 
specified levels (34). This evidence can include data from scientific literature, pathogen 
reduction modelling, in-plant data collection, challenge studies, and/or hazard 
enumeration. 
Although quantification of the reduction in the naturally occurring hazard is ideal 
in validating a control measure, pathogens are not commonly present in spices, and if 
present, they are usually inconsistent and in low concentrations. Validations have been 
conducted by quantifying naturally occurring microorganisms such as aerobic plate 
counts, Enterobacteriaceae, coliforms, and non-pathogenic Escherichia coli (47, 94, 134, 
142, 170). The downside of using these organisms is that they are often at levels below 
the targeted reduction of the pathogen that they may represent, and therefore not being 
adequate for validating the control measure. Even if they were present at concentrations 
sufficiently high to precisely quantify their reduction, depending on the selected group of 
microorganisms, these reductions may not accurately predict the reduction of the target 
pathogen. Therefore, this approach may not be adequate to measure such intended 
reduction (55).  
The use of challenge studies is usually preferred due to their accuracy; but 
artificially inoculating the pathogen of concern in spices or any other food product, is not 
tolerable in food processing plants due to safety concerns. A recommended solution is to 
conduct challenge studies using surrogates. Surrogates are defined as nonpathogenic 
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microorganisms that behave similarly to the pathogen under the same conditions (25). In 
order to conduct any validation procedure, it is necessary, first, to develop and standardize 
inoculation methods of both, the pathogen and the surrogate at the laboratory level (25). 
Traditionally, the liquid inoculation has been used when performing challenge studies. 
However, increasing the moisture content in low-aw foods, such as spices, would likely 
modify their texture and aw and perhaps, would be difficult to return it to the initial values. 
Modification of such properties could mislead the selection of treatment parameters 
required to assure control of the pathogen (e.g. Salmonella reduction rates are higher in 
products with higher aw than with low aw). 
Therefore, standardizing inoculation procedures that do not alter moisture content 
of spices is one of the tasks needed to perform adequate validation of disinfection 
processes. 
 
4 
2 LITERATURE REVIEW 
2.1 Safety of low-moisture foods 
Low-moisture foods are considered to be those products with water activity (aw) 
values lower than 0.7 (68). Examples include chocolate, cereals, honey, pasta, peanut 
butter, powder infant formula, beef jerky, spices, and dried coconut. Although these 
products are microbiologically stable (i.e. do not sustain pathogenic bacterial growth) (68), 
they have been shown to allow the survival of pathogenic bacteria for extended periods of 
time (85, 86, 163). In addition, several outbreaks of foodborne illness have been linked to 
low moisture foods (16, 83, 95, 132, 144, 162). Furthermore, bacteria exposed to low-
moisture environments can increase their heat tolerance (50), thus, stronger thermal 
inactivation treatments are usually required to reduce pathogens in low-moisture foods 
(30, 102). 
Among the pathogenic bacteria found in low aw foods are spore-forming bacteria, 
for example, Clostridium botulinum, Clostridium perfringens, and Bacillus cereus, and 
non-sporeforming bacteria, such as Cronobacter sakazakii, Listeria monocytogenes, 
Shiga-toxigenic E. coli, Staphylococcus aureus, and Salmonella (28, 55, 166). 
Microorganisms such as Clostridium botulinum and S. aureus will need to grow to produce 
sufficient amount of toxin to produce illness. Therefore, other microorganisms such as 
Salmonella become of greater concern since few cells can cause illness (6, 65, 144). 
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2.1.1 Safety of spices  
Among these low aw products, spices have attracted the attention of food safety 
experts due to their relatively unexpected participation as vehicles of Salmonella causing 
outbreaks of foodborne illness, high probability of becoming contaminated during 
harvesting and drying if adequate hygiene is not applied, they are frequently ready-to-eat 
products, and are usually consumed by people from almost all ages. Spices are produced 
from diverse farm sizes and agricultural practices all around the world. In many cases the 
production of spices come from different small producers where harvesting is performed 
by hand, farm animals are used to plow, and/or production and processing of spices take 
place in open fields increasing the risk of contamination (6, 55).  
In the United States, Food and Drug Administration (FDA) regulations require that 
all spices intended to be imported meet the federal regulatory requirements for food safety 
and cleanness. In a survey, this agency reported a prevalence of Salmonella in imported 
spices to be close to 7%, almost twice as all other FDA-regulated imported foods (55). 
This prevalence could be underestimated considering the reported challenges in the 
recovery of pathogenic bacteria from spices (68). A combination of factors such as the 
natural antimicrobial compounds of spices and the desiccation processes may create a 
hostile environment for bacterial growth and survival. Therefore, cells that are surviving 
under these conditions likely will present some sort of injury. This ultimately can result in 
their inability to grow in selective culture media if an adequate testing method is not used 
(55, 144). Outbreaks of foodborne illness linked to consumption of contaminated spices 
have been reported (6, 168) even if spices are usually subjected to decontamination 
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processes (such as ethylene oxide, propylene oxide, gramma irradiation, heat and steam) 
before and/or after importation (6). Van Doren, et al. (168) conducted a comprehensive 
literature review related to the foodborne disease outbreaks associated with spices. In the 
period of 1973 - 2010, fourteen outbreaks were documented in United States, Canada, and 
some European countries. Remarkably, 10 of the 14 outbreaks (71%) were caused by 
Salmonella. The other four (29%) were attributed to Bacillus spp. The high number of 
outbreaks related to Salmonella in spices is of great concern when considering that even 
if they cannot grow in dry spices due to low moisture, only few cells present can be 
sufficient to cause infection, especially when considering that spices are consumed by 
people from all ages (toddlers to elderly) and all health conditions, increasing the risk of 
getting infected especially if contaminated spices are added to ready-to-eat foods (55).  
The spice production and processing from farm to table involves several steps 
where contamination can occur (6, 55). As with other food commodities, using sampling 
and testing as a tool to determine the presence or absence of contamination does not seem 
to be an effective measure to minimize the risk of foodborne illness, and therefore the 
industry relies on the application of good agricultural practices and good manufacturing 
practices as well as the application of disinfection treatments to reduce the risk of 
contamination of spices. In several instances, the current spice disinfection processes for 
the reduction of Salmonella (or other pathogens) have been found not to be correctly 
validated (72). The efficacy of these treatments has been measured by quantifying the 
reduction of microorganisms already present in the spices such as total aerobic plate 
counts, yeast and molds, coliforms, E. coli, and Enterobacteriaceae (55). However, these 
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microorganisms would accurately represent the pathogens only if their 
sensitivity/resistance to the disinfection is similar to the sensitivity/resistance of 
Salmonella under the same conditions, and if the concentrations of the indicators are high 
enough to allow measurement of the reduction (55). Therefore, there is a critical need for 
comprehensive research related to inoculation procedures for spices to perform validation 
of the disinfection of spices measured in terms of logarithmic reductions of Salmonella. 
For in-plant studies, using adequate surrogates is recommended to predict the inactivation 
kinetics of Salmonella in a disinfection process.  
To evaluate the ability of surrogate bacteria to represent a specific pathogen, it is 
necessary to establish and standardize an inoculation procedure for both the surrogate and 
the pathogen in the food matrix. This is conducted in laboratory or pilot plant settings. The 
inoculation procedure for spices may be challenging (55, 144). In challenge studies, 
replicating real conditions of contamination, handling and storage of the dry food, etc. will 
increase the reliability of the validation study. However, in spices, replicating natural 
conditions may have a negative effect on the inoculated bacteria by exposing them to 
stressors such as antimicrobial compounds present, osmotic shock and the drying process 
after inoculation (9, 31, 124, 150), and therefore, care must be taken to apply laboratory 
methods capable of detecting cells that have been injured due to stress. 
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2.2 Salmonella enterica 
The Salmonella genus was discovered and named after Dr. Daniel E. Salmon. This 
genus belongs to the family Enterobacteriaceae. Salmonella genus is divided in two 
species, S. enterica and S. bongori. The latter is more associated with cold-blooded 
animals, although rarely can cause disease in humans (58). S. enterica is the most 
commonly associated with human salmonellosis; therefore, for the rest of this document 
reference will be made only to S. enterica. S. enterica is divided in the subspecies: S. 
enterica subsp. arizonae, S. enterica subsp. diarizonae, S. enterica subsp. enterica, S. 
enterica subsp. houtenae, S. enterica subsp. indica, and S. enterica subsp. salamae (115). 
Salmonella is a Gram negative rod-shaped bacterium. Generally, Salmonella spp. are 
motile with a peritrichous arrangement, all are facultative anaerobes and non-spore 
forming. The optimal growth temperature is 37 °C and can grow in a range of 5 to 40 °C. 
The optimal pH is neutral-alkaline from 6.6 to 8.2. One of the unique characteristics of 
Salmonella is its ability to survive under low aw environments. Salmonella can grow under 
aw of 0.93, although the optimal aw is > 0.98 (93). This pathogen is not a fastidious 
organism and does not require of special nutrients to grow. It can survive for long periods 
of time in different food matrices and environments, even if they are not optimal. It shows 
an special ability to survive desiccation processes and remain alive for long time in low 
aw environments, making it of a major concern in the low-moisture food industry (57). 
Every year in the U.S., 1.2 million cases of salmonellosis are reported, with an 
annual incidence of 15.2 illnesses per 100,000 people (29, 145). Infections occur when 
eating contaminated food or water or by not having a good hygiene after touching 
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contaminated animals. In average, the first symptoms appear 12 – 72 h after infection and 
the illness can last 4 – 7 days.  
The natural habitat of Salmonella is the intestinal tract of humans and animals, but 
it can survive for long periods in hostile environments. The most common vehicles of 
Salmonella causing foodborne outbreaks are contaminated eggs, poultry, meat, 
unpasteurized milk and juice, cheese, contaminated raw fruits and vegetables including 
sprouts and melons, nuts, and spices (161). Among them, spices have become of special 
concern since Salmonella has shown high resistance to desiccation and dry conditions for 
extended periods of time, making them a food safety priority (100). 
 
2.3 Surrogate organisms 
Surrogate microorganisms are nonvirulent bacterial strains that possess well-
known characteristics and can substitute pathogenic bacteria in challenge studies. The 
criteria of an ideal surrogate was listed by Busta, et al. (25) and includes the following 
characteristics: nonpathogenic, similar behavior to the target pathogen, stable and 
consistent growth characteristics, easy preparation and maintenance, the ability to yield 
high-density populations, easy and inexpensive enumeration and detection, genetic 
stability, unlikelihood of spoiling food or damaging equipment, and susceptibility to injury 
similar to the target pathogen.  
When a food product is subjected to a control measure, surrogates are used to 
evaluate the efficacy of the cleaning, sanitation, and disinfection processes. 
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Pediococcus faecium (previously Enterococcus faecium) strain NRRL B-2354 has 
been used as a surrogate of Salmonella in challenge studies especially when testing foods 
with high aw such as dairy products (7), juice (131), and meat products (90, 99). However, 
this coccus has been studied to be used for disinfection of low aw food subjected to thermal 
processes showing good correlation with Salmonella (4, 30, 49, 82, 85). It has been 
claimed that certain Pediococcus strains lack suitability as surrogates of Salmonella when 
tested in low aw products (127). For example, Peña-Meléndez (127) evaluated the E. 
faecium OSY 31284, an isolate from pistachios, as a potential surrogate of Salmonella 
during the disinfection of pistachios using a heat-ozone treatment. In their study, it was 
found a much higher resistance of E. faecium OSY 31284 to the treatments (> 2 log 
cycles). According to the conclusions of these authors, the higher resistance of E. faecium 
OSY 31284 made it not a good surrogate of Salmonella since the recommended resistance 
of a surrogate has to be equal to the pathogen or slightly higher (25).  
Almonds were one of the first low aw products inoculated with Pediococcus faecium 
NRRL B-2354 for the evaluation of disinfection processes. Due to the good results, 
Pediococcus faecium NRRL B-2354 has been being evaluated as a potential surrogate of 
Salmonella other products, like peanut butter and spices, using other technologies for 
disinfection such as irradiation and ethylene oxide (8, 116). 
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2.4 Foodborne disease outbreaks associated with spices 
The United States Food and Drug Administration (FDA) defines spices as “any 
aromatic vegetable substance in the whole, broken or ground form, except for those 
substances which have been traditionally regarded as foods, such as onions, garlic and 
celery; whose primary function in food is seasoning rather than nutritional; that is true to 
name; and from which no portion of any volatile oil or other flavoring principle has been 
removed” (54). Spices can be obtained from different parts of the plants such as seeds, 
leaves, stalks, bark, fruits and rhizomes (31). The particular smell and taste is given by a 
mixture of essential oils (EOs). These secondary metabolites are a mixture of terpenoids, 
phenolic compounds, alcohols, aldehydes, aliphatic hydrocarbons, acylic esters and/or 
lactones that are found mainly in secretory cells, cavities, canals, glandular trichomes or 
epidemic cells. (113). The antimicrobial effect depends on the active compound, its 
concentration, and the interaction with the composition of the cell walls (160). The 
antimicrobial properties of EOs have been studied extensively (61, 140, 158, 160, 176). 
EOs such as eugenol, carvacrol, thymol, basil oil, and anise oil have been added directly 
or encapsulated to cultures of pathogenic bacteria in vitro or onto contaminated food 
surfaces to measure their antimicrobial effect (9, 31, 124, 140, 150, 176).  
Although spices in general are known to possess antimicrobial compounds and do 
not support bacterial growth due to the low water activity, they can harbor pathogenic 
bacteria. Over several years, multiple recalls and outbreaks related to different spices 
contaminated with pathogenic bacteria have been reported all around the world (26, 69, 
79, 83, 95, 154).  
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From a thorough literature review, Van Doren, et al. (168) collected information 
of 14 outbreaks of foodborne illness associated with spices from 1973 to 2010. The 
identified vehicles of the pathogenic bacteria included peppercorn, paprika, turmeric, 
pepper, curry powder, anise seeds, fennel seeds, spice blend, and seasoning mix, and 
broccoli powder. 
The high proportion of the outbreaks associated with Salmonella is quite 
remarkable, accounting for 71% of the outbreaks (9/14). The remaining 29% (4/14) of the 
outbreaks was attributed to Bacillus spp. (168). The country of origin was identified in 
62% (9/14) of the outbreaks, and in all these cases they were imported (168). The 
identified importers of the contaminated spices included Brazil, China, India, Malaysia, 
Turkey, and Vietnam (168).  
The occurrence of outbreaks and the prevalence of Salmonella reported in spices 
at the different points from farm-to-table reflect the significant problem behind all the 
farm-to-table continuum to control the safety of spices, especially when considering their 
production takes places principally in open fields and they are usually harvested by hand. 
Even though contamination of spices probably occurred before importation in the majority 
of the outbreaks, it is suspected that spices were possibly contaminated in an after-
importation process in at least two of the outbreaks (2/14) (26). By the end of 2008 and 
beginning of 2009, a multistate outbreak of Salmonella Rissen infections was associated 
with contaminated white pepper imported from Vietnam. Although sampling of an 
unopened bag tested positive for Salmonella, indicating that the white pepper was tainted 
before importation, an unsanitary post-importation process indicates that cross-
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contamination could have been possible. From July 2009 to April 2010 another large 
multistate outbreak of salmonellosis was associated with black and red pepper in salami 
snacks, affecting 272 people in the U.S. (27). Samples from ingredient suppliers, patients 
and processing facility were compared and results from the next-generation sequencing 
revealed a closer similarity of the Salmonella Montevideo strain from the outbreak and 
the only strain isolated from the processing plant. These results suggested a possible cross-
contamination in a post-importation processing (42, 96). 
Salmonella has been shown to possess better survival capacity than other non-
sporeforming pathogenic bacteria under low water activity environments and food, 
including spices (50, 70, 85, 132, 168). Survival of the pathogen depends on the strain, 
serotype, stage of growth, route of contamination, point of contamination during the spice 
processing (i.e. before harvesting, during drying, in a post-drying process), and stressing 
factors that cells have been exposed to, such as temperature, addition of solutes, acidity, 
and EOs (50, 66, 143).  
 
2.5 General characteristics of oregano (Oreganum vulgare L.)  
Oregano (Oreganum vulgare L.) is the leaf of a perennial herb widely distributed 
but main commercial producers are Turkey and Mexico. It is used as a condiment for its 
aromatic properties given by the EOs. The main EO compounds found in oregano are 
carvacrol and thymol which possess antimicrobial, antifungal, antiparasitic, and 
antioxidant properties. The total production of oregano worldwide is estimated to be 
15,000 tons per year from which Turkey produces 10,000 tons. The US is the largest 
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importer of oregano with 6,000 tons per year (5, 62). In developing countries, it is common 
to dry oregano under the sun for several days until reaching 10% of moisture (40, 133). 
Mechanical drying is also used to dehydrate oregano, but is less popular in developing 
countries, especially if the final product is the result of the production from different small 
farms (40, 133). This conventional drying increases the bacterial load in the oregano 
leaves and the probability of contamination with foodborne pathogens since the product 
is exposed directly to the environment. Then, feces, dust, rodents, birds, and other wild 
animals are the most likely route of contamination of oregano at the farm. Contamination 
during packaging can be possible when sanitary conditions are not ideal (26).  
Oregano’s EO has one of the most powerful antibacterial effects due to the relative 
high concentration of carvacrol and thymol among other aromatic volatile compounds. In 
fact, the oregano’s EO has been studied to reduce Salmonella, pathogenic E. coli, and 
other pathogens in vitro and has been proposed to be used for pathogen control specially 
in fresh vegetables (22, 140). For example, Boskovic, et al. (22) reported a minimum 
inhibitory concentration (MIC) of 320 μg/ mL for S. Senftenberg and S. Give when using 
oregano’s EO, and 640 μg/ mL when using thyme’s EO. Among the individual active 
compounds, carvacrol and thymol had the same MIC of 320 μg/ mL to inhibit Salmonella, 
while cinnamaldehyde and eugenol required 640 and 1280 μg/ mL, respectively (22). This 
higher antimicrobial effect of oregano’s EO has been reported also for other 
microorganisms (59, 61, 76, 98, 105). In spite of the above, the EO has to be released from 
the leaf to get in direct contact with the bacteria to exert the antimicrobial effect. Hence, 
it is not surprising finding levels of 3-4 and 2 log CFU/g of mesophiles and coliforms in 
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dried oregano (104, 148). Some reports have found levels > 5 log CFU/g of 
Enterobacteriaceae in dried oregano leaves (104). 
 
2.6 General characteristics of onion (Allium cepa L.) 
Onion (Allium cepa L.) is an herbaceous biennial belonging to the Amaryllidaceae 
family (171), thought to be native to Afghanistan (118). Approximately 88.5 million ton 
of this crop are produced every year, primarily in mainland China (17,000,000 ton), India 
(9,600, 000 ton), United States of America (3,200,000 ton), Turkey (2,000,000 ton), and 
Iran (1,600,000 ton) and about 8% is traded internationally (52, 107). Onion powder is not 
considered a spice by the FDA for regulation purposes (45), however, in the traditional 
classification of spices, it is considered as an aromatic vegetable (141). 
Onion bulbs are deemed mature when the leaves of the plant bow and fall over. 
When 70 to 80% of the crop has reached maturity (100 to 140 days for most plants and 
35-45 days for spring onions), harvesting begins. In developing countries, the bulbs are 
usually loosened with a fork and extracted manually. Relative to mechanical methods used 
in developed countries, manual excavation is laborious and inefficient. Mechanical 
harvesting techniques generally proceed by first mowing existing leaves and foliage. In 
moist, mild climates, onion bulbs are immediately excavated using modified potato 
harvesters, sieved to remove debris, manually graded, collected in bins or bunches, and 
finally transported for further mechanical drying. This method is referred to as one-phase 
harvesting. Alternatively, two-phase harvesting can be implemented for crops cultivated 
in warm conditions with low humidity. In this technique, onions are undercut, stubbed, 
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and sieved, then rolled into rows for windrowing (drying) in the field. Under ideal 
conditions, sufficient drying is achieved within 2 weeks. At this time, bulbs are again 
harvested and sieved, manually graded, and transferred into trailers or crates for transport. 
Although two-phase harvesting eliminates the need and expenditures for mechanical 
drying, the labor costs for this method well exceed those of one-phase harvesting (45, 
122). Production of onion powder is performed by dehydrating under the sun, but drying 
in a cabinet at 55-60 °C for 10-15 h is more commonly used. The final moisture content 
of onion powder is sought to be 4% (45). 
Phenolic compounds, protocatechuic acid, catechol, and sulfur compounds present 
in onions impart an antimicrobial effect. Sulfur compounds are also responsible of the 
characteristic flavor of onions (171). However, to exert the antimicrobial effect, it is 
necessary disrupting the cell to release an enzyme that converts S-(1-propenyl)-L-cysteine 
sulfoxide to thiopropanal-S-oxide.  
In vitro studies showed that the juice and vapors released by onions inhibits the 
growth and/or production of toxins of Bacillus cereus, Clostridium botulinum, 
Lactobacillus, Salmonella, Shigella, S. aureus, Aspergillus flavus, Candida albicans, 
Rhodotorula, Saccharomyces, etc. (15, 48, 139). However, the organosulfur compounds 
from onion showed a lower antimicrobial effect than those compounds from garlic and 
ginger when tested against Salmonella, E. coli, and Bacillus subtilis (11). 
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2.7 Mechanisms of Salmonella survival to desiccation 
The unusual ability of Salmonella to survive under low-moisture conditions is not 
fully elucidated but some mechanisms proposed are described below. 
The level of survivability in desiccation processes depends of the Salmonella 
strain, the solids present in the food matrix before dehydration (e.g. sugars and fat), 
previous exposure to other stresses, etc. Once the bacteria have survived desiccation, the 
length of survival if affected by the storage temperature, oxygen presence, and final aw 
(91).  
The mechanisms for the survival of Salmonella in low-moisture environments are 
represented in Figure 1 (50). When the bacteria are being exposed to low-moisture 
environments, the first mechanism of defense for survival is increasing the concentration 
of internal solutes that bind molecules of water to maintain a correct turgor pressure by 
balancing the osmotic pressure. The solutes can be produced by the bacteria or can be 
obtained from the same environment. Examples of low-molecular solutes are proline, 
glycine-betaine, ectoine, which are transported by the ProP and ProU proteins. These 
solutes are transported through two membrane porins; the OmpF and the OmpC that are 
expressed as a response of a low aw (173). Another solute is trehalose, produced from 
glucose utilizing ATP obtained from the catabolism of fatty acids.  
As reported for other stresses, the sigma factors (σ) play an important role for the 
survival of Salmonella during as a response of sublethal stresses. For Salmonella, the σS 
is associated with survival to desiccation while the σE is associated with the survival during 
long periods of time in the desiccated product (51, 67).  
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The production of glycocalyx during biofilm formation has been reported to 
protect against desiccation (123). A compound of the slime, colanic acid is composed by 
D-glucose, D-galactose, L-fructose, and D-glucuronic acid in a ratio 1:2:2:1 (123, 156). 
This exopolysaccharide has the ability of absorbing large amounts of water, protecting the 
bacterial cell against desiccation (137). 
 
 
 
 
Figure 1 Mechanisms of Salmonella survival in low-moisture foods. 
Reprinted from “Mechanisms of survival, responses and sources of Salmonella in low-moisture 
environments” by Finn et al., 2013. Front. Microbiol. 4:331. Reprinted with permission. 
 
 
 
2.8 Validation of control measures 
Various antimicrobial treatments have been developed to sterilize spices and herbs. 
The major treatment categories are 1) irradiation, such as gamma and e-beam rays (3, 12, 
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60, 88, 94, 110, 128, 134, 142, 153, 165), 2) fumigation, with propylene oxide or ethylene 
oxide (39, 60, 109, 116, 148, 165), and 3) heat processes like high-pressure steam and dry 
heat (6, 55, 82, 134, 142, 170).  
Ideally, the efficacy of these treatments at reducing bacterial pathogens should be 
validated to provide quantified assurance of control. 
The effectiveness of steam treatments for the reduction of Salmonella in spices is 
Salmonella has become the target pathogen in the spice control measures due to the higher 
prevalence and higher association as an outbreak-causing pathogen in spices. The United 
States Food and Drug Administration (FDA), in the document entitled: “Draft Risk 
Profile: Pathogens and Filth in Spices” (55) addresses and gives an overview of the health 
risk associated with consumption of spices in the U.S., as well as the current control 
measures, data gaps, and research needs to reduce or prevent new episodes of illnesses 
associated with microbial contaminated spices. One of the important needs is the 
generation of information to conduct validation of the treatments to reduce Salmonella in 
spices. Part of this information includes the determination of the prevalence and 
concentration of Salmonella in spices and the level of post-process contamination. 
Knowledge of the risk of post-process contamination becomes essential since about 70% 
of the spices consumed in the U.S. are imported and subjected to post-importation 
processing. As for other food commodities, post-disinfection processes increase the 
likelihood of recontamination, especially if the hygienic practices are not adequate (26, 
27). Then, one question that arises is: what the safe reduction level should be for a 
disinfection treatment in the meantime of getting this missing data (146). Schaffner, et al. 
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(146) concluded that where there is no enough available data, a 5-log cycle reduction may 
be used as reference assuming the good manufacturing practices are effective and the 
initial concentration of the pathogen tends to be low with a low prevalence (146).  
Validation of control measures has represented a challenge since the procedures to 
perform the validation have not been established and standardized. Some of the obstacles 
are the establishment of suitable inoculation methods for challenge studies, selection of 
the pathogens and their surrogates, and development or improvement of methodologies 
for isolation and quantification of pathogens. Hence, one of the only resources used are 
the quantification of naturally occurring microorganisms such as aerobic plate counts 
(APCs), Enterobacteriaceae, coliforms, and non-pathogenic Escherichia coli (3, 47, 94, 
134, 142, 170). However, validation of a control measure consists of collecting evidence 
that demonstrates the treatment applied is capable of controlling a specific hazard to safe 
levels. It is important to highlight that concentration of these pathogenic bacteria in the 
food product is not always high enough to accurately measure the logarithmical reduction 
after the treatment.  
Ideally, a validation should be performed before the implementation of the control 
measure and whenever any parameter is modified, and the Codex Alimentarius (34) 
recognizes various approaches to validate control measures (Figure 2).  
When conducting experimental studies, it is desirable to perform these 
measurements at the food processing plant since it would be more effective, but pathogens 
are not commonly present in spices (1, 13, 56, 63, 71, 108) and when present, they are 
usually inconsistent and in low concentrations (69, 71, 80, 89, 95, 164, 167). Then, with 
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those limitations, the use of a pilot plant would be ideal, however, they are usually not 
available. Hence, the next more reliable option is the performance of challenge studies 
using surrogates (Figure 2) (2).  
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Figure 2 Increment in reliability when conducting validation of control measures.   
Reprinted from "Process Validation for the Control of Pathogens in the Food Industry" by 
Acuff et al., 2015. Reprinted with permission. 
 
 
 
 
Selection of spice-related Salmonella is capital when conducting validations of 
control measures. As mentioned above, bacteria get resistant to different stressors when 
previously exposed to sublethal conditions. Therefore, strains of Salmonella isolated from 
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• Hazard inoculation 
• Surrogate inoculation 
• Enumeration of indicators 
 22 
 
spices would more likely to show a higher resistance to a disinfection treatment than other 
strains isolated from other sources. This phenomenon has been described for Salmonella 
and other microorganisms in low-moisture environments (50, 77). Salmonella have shown 
to have high resistance to desiccation and higher and more prolonged survival when stored 
at low temperatures (77, 81, 162). In addition, the resistance to dehydration differs 
between various serotypes of Salmonella and can cause cross-tolerance to other stressors, 
including high temperatures, salts (e.g. NaCl and bile salts), disinfecting agents (ethanol, 
hydrogen peroxide, sodium hypochlorite, and quaternary ammonium compounds), and 
UV irradiation (66, 77).  
Different approaches aiming towards the evaluation of the control measures for 
low aw products have been reported (85). These approaches vary from investigator to 
investigator. Methodologies for the evaluation of the control measures should be 
established especially for the tasks prior to the validation of the control measures such as 
the Salmonella strains, the type of inoculation (i.e. liquid vehicle inoculum or dried vehicle 
inoculum), the moment of inoculation (i.e. fresh herbs or dried spices), dehydration 
procedures to reach the original aw (i.e. temperature, RH, and time), and determination of 
the sample size to be treated. The control of these variables has as an objective to mimic 
as much as possible the common contamination routes, avoiding the exposure of the 
bacteria to other stresses that may skew the conclusions of the effectiveness of the control 
measure. Standardization of the inoculation procedures may differ for each type of 
products. For instance, inoculation of dried spices may be specific for powders, leaves, 
and seeds. Liquid inoculation is the most common technique used to inoculate food in 
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challenge studies. However, this technique may not be suitable when working with low-
moisture foods. Some of the downsides of utilizing liquid inoculation are the possible 
release of water-soluble antimicrobials, changes of the water activity and original texture 
that perhaps may not be reversible (20, 125, 176).  
The release of antimicrobials in the medium can reduce the levels of the 
microorganisms being inoculated, therefore, the targeted concentration of these bacteria 
will be reduced.  
On the other hand, changes in texture, such as stickiness and clumping, could be 
more noticeable if the spices are hygroscopic powders such as onion powder (64, 78), 
making it difficult to return to the original texture. Thus, dry inoculation procedures are 
promising for low-moisture products. These procedures consist of using a dry culture or a 
dry vehicle of the microorganism to inoculate the low-moisture food (8, 21, 49, 78, 116). 
Some of the different types of dry inoculum reported are the freeze-dried culture and the 
inert powders such as silica, talcum powder, and chalk (21). Information available for 
inoculation of low aw food commodities is scarce (21) and it is limited for spices.  
Table 1 summarizes some inoculation procedures of spices found in the literature. 
As can be seen, these procedures vary making it difficult to compare among them. For 
example, some researchers dry the inoculated matrix to a specific aw while others do not 
control the aw. Fluctuation of this variable can lead to an over or underestimation of the 
effect of a control measure, since the excessive removal of water from the inoculated 
matrix can lead to a higher resistance of the bacteria to desiccation and other stresses. 
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Table 1 Procedures to inoculate spices and other low aw reported in literature 
Low aw product Inoculation Post inoculation Reference 
Black peppercorn and cumin 
seeds  
50 g of spice were inoculated with 
20 ml of a suspension of 
Salmonella  
Dried at room temperature for 
24 h to reach an aw of 0.3 (23) 
Black peppercorn and cumin 
seeds 
Salmonella was incubated 24 h in 
1-cm depth TSB containing 
peppercorn or cumin seeds 
arranged in a monolayer 
Dried at room temperature for 
24 h until reaching an aw of 0.3 (23) 
Black peppercorn and cumin 
seeds 
Dry inoculation using inoculated 
silica (3 g, ~7.8 Log CFU 
Salmonella/g, aw of 0.3) mixed 
with 20 g of spices, shaken 24 h 
and then sieved for 30 s 
NA 
(23) 
Chalk  
Chalk soaked in a 24 h suspension 
of Salmonella 
Dried at 37 °C for ~72 h until 
getting the original chalk’s 
weight 
(78) 
Meat and bone meal 
Salmonella grown in a sterilized 
suspension of meat and bone meal 
mixed with water (1:5) 
Centrifuged and the pellet was 
dried at 40 °C under vacuum 
for 12 h to an aw 0.46 
(135) 
Quartz 
L. monocytogenes added to white 
quartz  
Mixture was shaken at 35 
°C/24 h and vacuumed, then it 
was filtered and dried at 22 
°C/24 h 
(41) 
Almonds 
A Salmonella suspension added to 
almonds 
Dried at 23 °C/ 24 h, no aw or 
humidity measurements (162) 
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3 MATERIALS AND METHODS 
3.1 Dried spices 
Dried oregano (Origanum vulgare L.) and onion (Allium cepa L.) powder, from 
Turkey, were donated by the International Life Sciences Institute of North America. These 
spices received no antimicrobial treatment before or after the shipment. When received, 
the oregano and onion powder were stored at 25 °C in polypropylene bags in cardboard 
boxes and in food grade high-density polyethylene buckets, respectively. 
3.2 Bacterial cultures 
3.2.1 Spice-related Salmonella strains (SRSS group) 
S. enterica serotype Rissen (SAL1449) and S. enterica serotype Montevideo 
(SAL4599) were obtained from the Food and Drug Administration. S. Rissen is an 
environmental isolate from the outbreak linked to white peppercorn in 2009 (26). S. 
Montevideo was an isolate from black pepper used to prepare salami linked to a 
nationwide outbreak in 2009-2010 (27). 
3.2.2 Non-spice-related Salmonella strains (non-SRSS group) 
S. enterica panel ATCC® MP-15™ was purchased from the American Type 
Culture Collection (ATCC). This panel consists of 5 Salmonella strains commonly 
associated with contaminated food and water. The MP-15 panel included S. enterica 
serotypes Choleraeasuis (ATCC 13312), Enteritidis (ATCC 4931), Newport (ATCC 
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6962), Typhimurium (ATCC 700720) and Typhi (ATCC 6539). For this study, S. Typhi 
was excluded and only the remaining four strains in the ATCC panel MP-15 were used.  
 
3.2.3 Pediococcus faecium NRRL B-2354 
Pediococcus faecium (Enterococcus faecium NRRL B-2354) was obtained from 
Dr. James Dickson from Iowa State University (Ames, IA). This strain has been found to 
be a reliable surrogate for Salmonella when testing thermal processes for other low-
moisture foods (49, 82, 85), and was tested in this study as a potential surrogate to use in 
further studies to validate treatments to reduce Salmonella in dry spices. 
 
3.2.4 Preparation and bacterial stock maintenance 
Salmonella and Pediococcus organisms were stored in cryocare vial beads (Key 
Scientific Products, Stamford, TX) at -80 °C. A bead of each frozen culture was aseptically 
transferred into sterile 10-ml tryptic soy broth (TSB, Becton Dickinson Co., Spark, MD) 
tubes and incubated at 35 °C for 18-24 h. A loopful of each culture was transferred to 
another sterile 10-ml TSB tube and incubated at 35 °C for 18-24 h. This allowed the total 
bacterial activation. A loopful of the last incubated TSB cultures of each strain was 
streaked onto tryptic soy agar (TSA, Becton Dickinson Co.) slants and incubated at 35 °C 
for 18-24 h. After incubation, the slants were sealed with parafilm and stored at 4-7 °C. 
Fresh working slants were prepared every 2 months.  
  
 27 
 
3.3 Inoculum preparation 
Salmonella and P. faecium strains were transferred from TSA slants into 10-ml 
tubes of TSB and TSB with 0.6% of yeast extract (TSBYE), respectively, using a sterile 
loop. The inoculated TSB and TSBYE were incubated at 35 °C for 18-24 h. The resulting 
suspensions were used either to prepare the inoculum for the liquid or the dry inoculation 
procedures as described below.  
 
3.3.1 Inoculum preparation for oregano, silica, and talcum powder 
A highly-concentrated inoculum was obtained using the bacterial lawn method 
(39). Two ml of the TSB cultures were individually transferred onto a sterile TSA surface 
of 225 cm2 in a tissue culture flask (TCF, Falcon™, Corning, NY). The inoculum was 
spread onto the TSA surface by adding approx. 80 sterile glass beads (5 mm-diameter, 
Thermo-Fisher Scientific, Waltham, MA) and rotating the beads at a rate of one rotation/ 
s for 10 rotations over the entire area of the agar. The inoculated TSA was incubated for 
18-24 h at 35 °C to obtain the bacterial lawn. The incubated cultures were harvested by 
adding 15 ml of 0.1% peptone water (PW, Becton Dickinson Co.) into the TCFs and 
rotating the beads as described above. SRSS, non-SRSS, and P. faecium cocktails were 
prepared by transferring the suspension of the specific strains for each cocktail into sterile 
160-ml dilution bottles. 
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3.3.2 Inoculum preparation for the onion powder starter 
Forty-five ml of sterile TSB contained in a 50-ml conical centrifuge tube (VWR, 
Sugarland, TX) were inoculated with a loopful of the previously incubated TSB and 
incubated at 35 °C for 18-24 h. Salmonella cultures were centrifuged (Jouan B4i 
centrifuge, Thermo-Fisher Scientific) for 20 min at 2885 x g and P. faecium culture was 
centrifuged for 15 min at 2209 x g. The resulting pellets were resuspended in 500 µl of 
PW. The SRSS and the non-SRSS cocktails were made by combining the corresponding 
bacterial strains into 15-ml conical centrifuge tubes (VWR).  
 
3.4 Preliminary studies for bacterial enumeration 
In all cases, enumeration of Salmonella from inoculated oregano was performed 
by diluting 10-g samples in 90 ml of PW, mixing the sample with PW in a stomacher bag. 
The samples were pummeled during 60 s at 230 rpm using a Stomacher® model 400 
Circulator, Seward Ltd. Samples were diluted decimally in tubes with 9 ml of sterile PW 
and spread plated onto XLT4. Plates were inverted and incubated at 35 °C for 18-24 h.  
Resuscitation procedures using TSB and TSA were evaluated to determine their 
appropriateness when recovering injured cells. One-g samples were diluted in 99 mL of 
TSB or PW and homogenized as described above. Samples diluted in TSB were incubated 
at 25 °C for 1 and 2 h, and afterwards, decimal dilutions were plated onto XLT4. Samples 
diluted in PW were plated as described in Section 3.6 
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3.5 Bacterial enumeration 
The inoculated spices or inert powders contained in whirl-pak bags were 
homogenized using a disposable polypropylene spatula (VWR). Samples were taken from 
different parts of the bag. One-gram samples were diluted with 99 ml of PW in a stomacher 
bag. Each sample was pummeled during 60 s at 230 rpm using a Stomacher® model 400 
Circulator, Seward Ltd. Samples were diluted decimally in 9 ml of sterile PW and spread 
plated and/or poured plated according to the specifications for each experiment. 
 
3.6 Two-step overlay procedure 
 To make sure that any cells injured by the drying process were also detected, 
samples were subjected to a resuscitation step to allow the injured cells recovering (84). 
Recovery of injured cells was performed by spread plating decimal dilutions of the sample 
onto ~ 16-ml of TSA plates. TSA plates were inverted and incubated 3 h at 35 °C. After 
the resuscitation time, an overlay of 8-10 ml of Xylose-Lysine-Tergitol 4 agar (XLT4, 
Becton Dickinson Co.), for Salmonella samples, or KF Streptococcus agar (KFS, Becton 
Dickinson Co.), for Pediococcus samples, at ~50 °C were poured on the incubated TSA 
plates. XLT4 agar was supplemented with 4.6 ml of tergitol 4 (7-ethyl-2-methyl-4-
undecanol hydrogen sulfate, sodium salt) per liter of agar. KFS agar was supplemented 
with 10 ml of 2,3,5-triphenyl tetrazolium chloride 1% (TTC 1%) per liter of agar. Once 
XLT4 and KFS solidified, the plates were inverted and incubated at 35 °C to continue 
incubating for a total of 18-24 h.  
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 Salmonella colonies were completely black or black in the center with a yellow to 
red periphery on XLT4. Likewise, Pediococcus had red to pink centers on KFS plates. 
 
3.7 Liquid inoculation of spices 
Inoculating spices using a suspension of the bacteria was used to represent the 
scenario of contamination where contaminated high-moisture material such as wild 
animal’s excreta get in contact with spices before desiccating in open fields.  
 
3.7.1 Single and double liquid inoculation of oregano  
The first and second liquid inoculation of oregano consisted in inoculating oregano 
twice using SRSS (Figure 3). As a control, oregano was pre-treated with water (to simulate 
the first inoculation) and dried. Then, the dried water-treated oregano was inoculated with 
Salmonella and dried (to simulate the second inoculation). The final water activity (aw) of 
oregano was 0.45 ± 0.01. 
  
31 
Figure 3 Single and double liquid inoculation of oregano using Salmonella. 
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3.7.1.1 Single and double inoculation of oregano using Salmonella 
Single inoculation. One hundred g of non-treated oregano were placed in a 
polyethylene bag and mixed with 20 ml of the SRSS cocktail from the bacterial lawn 
procedure. The inoculated oregano was hand-massaged for 2 min to homogeneously 
distribute the inoculum. Afterwards, the treated oregano was dried on a monolayer of 
approx. 0.5 cm on a tray at 35 °C for 12 h to recover the original aw of 0.45 ± 0.01. Three 
1-g samples were sampled as described in Section 3.5 to quantify the concentration of 
Salmonella using the overlay procedure. 
Double inoculation. Fifty grams of the inoculated and dried oregano from Section 
3.7.1.1 were re-inoculated with 10 ml of the SRSS cocktail. Homogenization, desiccation, 
and sampling were performed as described in Section 3.7.1.1. 
 
3.7.1.2 Water-treated oregano inoculated with Salmonella 
Fifty grams of non-treated oregano were mixed with 10 ml of sterile distilled water. 
Homogenization, desiccation, and sampling were performed as described in Section 
3.7.1.1. After drying, 10 ml of the SRSS cocktail were added to the water-treated oregano. 
Homogenization, desiccation, and sampling were performed as described in Section 
3.7.1.1.. 
 
3.7.2 Liquid inoculation of vacuum-heat-treated oregano (VHTO)  
The temperature to evaporate essential oils (EOs) under vacuum conditions was 
calculated using the Clapeyron equation (Equation 1).  
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𝑙𝑛
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=
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1
𝑇2
) 
…..………………………… Equation 1 
 
 
 
Calculation of the exact temperature needed to vaporize carvacrol was performed 
with the Clapeyron equation (Equation 2). This equation describes the relationship of a 
pure substance vapor pressure change in relation to a temperature change. The Clapeyron 
equation is useful when calculating the enthalpy of vaporization of a pure substance, that 
is, the energy that must be supplied to a liquid substance to vaporize a mole of molecules.  
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𝑃1
𝑃2
=
−∆𝐻𝑣𝑎𝑝 𝑒𝑠𝑠𝑒𝑛𝑡𝑖𝑎𝑙 𝑜𝑖𝑙
𝑅
(
1
𝑇1
−
1
𝑇2
) 
………………………….…… Equation 2 
 
 
 
Where,  
P1, pressure in atm.  
T1, temperature of the EO vaporization in Kelvin at P1. 
∆𝐻𝑣𝑎𝑝 𝑒𝑠𝑠𝑒𝑛𝑡𝑖𝑎𝑙 𝑜𝑖𝑙, enthalpy of the essential vaporization in 𝐽 ⋅ 𝑚𝑜𝑙
−1 at P1.  
P2, fixed pressure to treat oregano in atm. 
T2, temperature for vaporization of the EO in Kelvin at P2. 
R, gas ideal constant equal to 8.314 𝐽 °𝐾−1𝑚𝑜𝑙−1 
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The enthalpy of vaporization (Δ𝐻𝑣𝑎𝑝) is the heat needed to transform a liquid into 
gas and it is dependent of the pressure. Carvacrol not only is one of the most concentrated 
terpenes in oregano’s EO, it also possesses one of the highest Δ𝐻𝑣𝑎𝑝 (Table 2). This Δ𝐻𝑣𝑎𝑝 
is 56,980 𝐽 𝑀𝑜𝑙 °𝐾⁄  at 1 atm (97). Therefore, carvacrol’s Δ𝐻𝑣𝑎𝑝 was used as reference to 
calculate the temperature to vaporize the EO in oregano. Hence, all other terpenes and 
monoterpenes with a lower Δ𝐻𝑣𝑎𝑝 would also vaporize. 
 
 
 
Table 2 Vaporization enthalpies of oregano EO compounds 
Compound % of the total EO Δ𝐻𝑣𝑎𝑝 (kJ/mol) Reference 
Carvacrol 14.5 56.98 (97, 157) 
ß-Fenchyl alcohol 12.8 51.61 (33, 157) 
Thymol 12.6 42.23 (97, 157) 
γ -Terpinene 11.6 51.4 (119, 157) 
γ-Terpineol 7.5 54.0 (119, 157) 
ß -Cymene 6.8 44.7 (119, 157) 
α-Terpinene 3.7 40.11 (32, 157) 
 
 
 
The temperature needed to vaporize carvacrol at 1 atm is 237.65 °C (510.8 °K) 
(152). Treating oregano at this temperature would likely result in overheating, therefore 
changing the physical properties of the oregano leaves. To overcome such problem, 
oregano was treated under vacuum conditions to reduce the carvacrol’s vaporization 
temperature. The maximum vacuum pressure held in the oven used in this study was 0.958 
atm. Thus, the values of each variable and constants from the Clapeyron equation were: 
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P1 = 1 atm 
T1 = 510.8 °K 
∆𝐻𝑐𝑎𝑟𝑣𝑎𝑐𝑟𝑜𝑙 at 1 atm = 56,980 𝐽 ⋅ 𝑚𝑜𝑙
−1  
P2 = 0.042 atm 
R = 8.314 𝐽 °𝐾−1𝑚𝑜𝑙−1 
T2 = ? 
 
Solving the equation for T2 gave: 
𝑙𝑛
𝑃1
𝑃2
=
−∆𝐻𝑣𝑎𝑝 𝑐𝑎𝑟𝑣𝑎𝑐𝑟𝑜𝑙
𝑅
(
1
𝑇1
−
1
𝑇2
) 
𝑙𝑛
1 𝑎𝑡𝑚
0.042 𝑎𝑡𝑚
=
−56,980 𝐽 𝑚𝑜𝑙⁄
8.314 𝐽 𝑚𝑜𝑙 ⋅ °𝐾⁄
(
1
510.8 °𝐾
−
1
𝑇2
) 
𝑙𝑛(23.81) = −6,853.50 (1.96 ⋅ 10−3 −
1
𝑇2
) 
−
1
𝑇2
= −
3.17
6,853.50
− 1.96 ⋅ 10−3 
1
𝑇2
=
3.17
6,853.50
+ 1.96 ⋅ 10−3 
1
𝑇2
= 2.40 ⋅ 10−3 
𝑇2 = 412.79 °𝐾 
∴ 𝑇2 = 140 °𝐶 
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Fifty-gram portions of non-treated oregano were spread on a try to form an approx. 
0.5-cm monolayer. Then, oregano was dried at 70 °C for 24 h (VHTO70°C) and at 140 °C 
for 2.5 h (VHTO140°C) at 0.958 atm in a vacuum oven (Isotemp® Vacuum Oven model 
285A, Fisher Scientific®, Waltham, MA).  
Fifty-gram batches of non-VHTO, VHTO70 °C, and VHTO140 °C were inoculated 
individually with 10 ml of the SRSS, non-SRSS, and P. faecium cocktails. 
Homogenization, desiccation, and sampling were performed as described in Section 
3.7.1.1. 
 
3.7.2.1 Color measurement of VHTO 
To measure the color change of the oregano treated with heat under vacuum 
conditions, a Minolta colorimeter (CR400, Minolta Co., Osaka, Japan) was used. The 
values L* (lightness), a* (green-red intensity) and b* (blue-yellow intensity) obtained 
were compared against the control (non-VHTO). 
 
3.7.2.2 Essential oil extraction using steam distillation 
The EO from the oregano samples was extracted using steam distillation (92). The 
steam distillation apparatus was assembled as shown in Figure 4.  
Fifty-five-grams of oregano were transferred to a 2-l round-flat-bottomed flask 
(Pyrex®, Greencastle, PA) containing 900 ml of tap water. The cold-water flux was 
activated before the mixture of oregano and water was heated until boiling. The extraction 
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was set for 3 h after the first drop of the condensate water-oil dripped into the separatory 
funnel.  
 
 
 
Cold water flux
HeatStir
1
2
3
4
5
 
Figure 4 Steam distillation apparatus.  1) Hot plate, 2) Round-flat bottom flask with  
a stir bar, 3) Adapter, 4) Condenser, 5) Separatory funnel 
 
 
 
To separate the oil from the water collected in the separatory funnel, 15 ml of 
hexane were mixed with the condensate by inverting the funnel 10 times and allowed to 
repose for 2 h. The heaviest liquid phase (i.e. water), contained at the bottom of the funnel, 
was collected in a 250-ml flask. Then, the light liquid phase, containing the EO and 
hexane, was transferred to test tubes. The heavy liquid phase was poured back into the 
funnel to separate any residues of EO from the water. Five ml of hexane were added to the 
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funnel and mixed by inverting 10 times as described above. After reposing for 2 h, the 
heavy liquid phase was discarded and the remaining light liquid phase was transferred to 
the test tubes.  
The hexane was evaporated from the EO using a vacuum-heat-centrifuge 
(Centrivap concentrator, Labconco®) at 45 °C and 30 in-Hg of vacuum during 3 h. To 
eliminate the remaining water from the oil after centrifuging, 1 ml of hexane and a pinch 
of sodium sulfate anhydrous (EMD, Billerica, MA) were added to each tube and 
homogenized (114). Then, the content from the tube was filtered by pouring the solution 
in a funnel with cotton to retain the hydrated sodium sulfate. The filtrated (i.e. essential 
oil-solvent) was collected in a tared test tube and subjected to vacuum-heat-evaporation 
as described above. The EO mass was calculated by calculating the weight difference 
between the tube with the EO minus the empty test tube. The amount of the EO extracted 
from the non-VHTO, the VHTO70 °C, and the VHTO140°C was compared. 
 
3.7.2.3 Survival of the SRSS, non-SRSS, and P. faecium in VHTO 
Fifty-gram batches of non-VHTO, the VHTO70°C, and the VHTO140°C were 
individually inoculated with 15 ml of the SRSS, non-SRSS and P. faecium cocktails 
obtained from the bacterial lawn procedure. The inoculated oregano was homogenized 
and dried as described in Section 3.7.1.1. Enumeration of Salmonella and P. faecium for 
each treatment was performed using the overlay procedure.  
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3.7.3 Liquid inoculation of onion powder 
Fifty-g of onion powder were inoculated with 5 ml of the inoculum obtained from 
the bacterial lawn procedure. The inoculated onion was homogenized and dried as 
described in Section 3.7.1.1. 
 
3.8 Dry inoculation of spices 
3.8.1 Inoculation of silica and talcum powder 
Fifty g of silica and talcum powder were inoculated individually with 15 ml of 
suspensions of the SRSS, the on-SRSS, and P. faecium. Each bacterial suspension was 
obtained from the bacterial lawn procedure. The inoculated powders were massaged 
during 2 min to distribute the inoculum homogeneously. Then, the powders were dried on 
monolayer of approx. 0.5 cm on a tray at 35 °C for 12 h to recover an aw of 0.45 ± 0.01. 
Three 1-g samples were drawn to quantify Salmonella or Pediococcus using the overlay 
procedure. After drying, each powder was pulverized with a mortar and pestle to 
disintegrate lumps and then sieved using a 15x15-cm plastic mesh sheet with a pore size 
of 0.2 cm.  
 
3.8.2 Dry inoculation of oregano 
Three grams of the inoculated silica or talcum powder described in Section 3.8.1. 
were mixed with 10 g of non-treated oregano in a 950-ml sealing glass jar (Kerr®, 
Waxahachie, TX). The mixture was shaken during 2 minutes doing vertical and horizontal 
movements. To separate the powder from the oregano, a 15x15-cm plastic mesh sheet 
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(pore size of 0.2 cm) was affixed to the mouth of the glass jar. A second glass jar was 
placed mouth-mouth with the jar that contained the mixture and affixed with masking tape 
and parafilm. The mixture was sieved for 3 min by making circular and vertical 
movements to separate the oregano from silica or talcum powder.   
 
3.8.3 Inoculation of onion powder 
Bacterial suspensions were obtained as described in Section 3.3.2. One ml of the 
SRSS, the non-SRSS cocktails, and P. faecium were individually added to 50-g batches 
of non-treated onion powder contained in a coffee grinder bowl (Cuisinart, East Windsor, 
NJ). The inoculum was homogenized by activating the grinder every 1 s for 30 s. After 
inoculation, each batch was split into 12.5-g portions and placed in weighing boats (4-in 
diameter, VWR) in polycarbonate waterproof containers (Dri-Loc, Plano, IL) with a 
moisture absorbing sachet (Stack-on®, Wauconda, IL) at 25 °C during 12 h. The final aw 
reached was 0.30 ± 0.01. 
The starter was mixed with untreated onion powder in a 1:10 ratio. Salmonella and 
P. faecium were enumerated as described in Section 3.5 using the overlay procedure. 
 
3.9 Resistance of SRSS and non-SRSS to desiccation 
The resistance of SRSS and non-SRSS to desiccation was tested in sterile talcum 
powder. A 0.5-cm monolayer of talcum powder was autoclaved at 121 °C for 60 min. 
Fifty-g batches of sterile talcum were inoculated individually with 15 ml of suspensions 
of SRSS and non-SRSS. Homogenization and desiccation were performed as described in 
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Section 3.8.1 using sterile materials and utensils. One-gram samples of talcum inoculated 
with SRSS and non-SRSS were diluted with 99 ml of PW and pummeled at 230 rpm for 
1 min. SRSS and non-SRSS were enumerated using the overlay procedure (Section 3.6) 
and by plating only onto TSA. All plates were incubated 18-24 h at 35 °C. 
In this same experiment, the effectiveness of recovering injured Salmonella cells 
using the two-step overlay method was evaluated. Thus, samples were also enumerated 
using the two-step overlay method described in Section 3.5. and the results were compared 
with the counts from plating only onto TSA. 
 
3.10 Survival of Salmonella and P. faecium in oregano, talcum and onion powder 
The survival of SRSS, non-SRSS and P. faecium inoculated in oregano, talcum 
and onion powder stored at -18, 4, and 25 °C was monitored up to 24 weeks. The 
inoculated and dried materials were stored in watertight containers to maintain the aw 
constant over the extent of this experiment. Quantification of Salmonella and Pediococcus 
were performed periodically as described in Section 3.5. 
 
3.11 Water activity measurements 
The complete batch of the inoculated oregano, onion powder, silica or talcum 
contained in a Whirl-pak bag was individually homogenized with a sterile plastic spatula 
(VWR) for 2 min. One-g samples, randomly taken from the bag with sterile spatulas, were 
individually weighted in a digital balance and placed individually into disposable sample 
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cups to measure the water activity using a water activity meter (Aqualab series 3 Decagon 
Devices Inc, Pullman, WA). 
 
3.12 Statistical analysis 
Bacterial counts were transformed to log10 before the statistical analysis. 
Experiments were conducted in independent triplicates. The mean concentration of 
Salmonella or P. faecium for each treatment was compared using one-way analysis of 
variance and significant mean differences (P < 0.05) were compared with the Turkey test. 
All of the statistical analysis were performed using JMP statistical software v8 (SAS, 
Institute, Cary, NC). 
The stability curves were modeled using DMFit, an add-in for Microsoft Excel, 
and the survival/death rates for each group of microorganisms were obtained from the 
output generated by DMFit (14). 
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4 RESULTS AND DISCUSSION 
4.1 Preliminary experiments: selection of a procedure to recover injured cells 
The concentration of Salmonella after inoculating oregano was estimated to be as 
high as 8.0 - 10.5 log CFU/g, however, the counts of Salmonella in all cases, fell below 
the limit of detection (LOD, < 3 log CFU/g) after direct plating on XLT4 agar. It is unlikely 
that a lethal effect would have resulted from the exposure of Salmonella to stressors such 
as drying and exposure to the natural antimicrobials of oregano. Instead, these factors may 
stress the Salmonella cells, resulting in a sub-lethal injury and that a resuscitation step 
needed to be included in the enumeration method. Diluting oregano to 1:100 instead of 
1:10 for plating, may have helped reducing the toxic levels of the EO. 
Results from enumeration of Salmonella using a resuscitation procedure indicated 
that cells in fact were injured after being added to oregano. It was also determined that not 
all resuscitation procedures were effective in fixing injured cells in dry oregano. The mean 
count of Salmonella obtained when resuscitating on TSA incubating for 3 h, followed by 
overlaying with XLT4 was 7.3 log CFU/g, whereas the counts obtained by resuscitating 
in TSB for 1 – 2 h and then plating on XLT4 were consistently not detectable (< 3 log 
CFU/g). 
A major disadvantage of using liquid media (i.e. TSB) when recovering injured 
cells is the risk of allowing the cells to reproduce if the time of the recovery overtakes the 
lag phase, affecting the accuracy of the initial bacterial counts. If the time of incubation is 
shortened to prevent such growth, the risk is that there may not be enough contact with 
the TSB nutrients to ensure full recovery of injured cells. The time required for injured 
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cells to recover vary and non-target cells can multiply or limit the growth of the 
microorganism of interest (155). Therefore, using non-selective solid media (i.e. TSA) 
resulted in a better recovery of the injured cells. In addition, if the cells overtake the lag 
phase and reproduce on the agar, the initial concentration of cells would not be affected 
since each colony on the plate represents an initial single cell (84, 155). 
 
4.2 Liquid inoculation of spices 
4.2.1 Single and double liquid inoculation of oregano 
The objective of performing a double inoculation of oregano was to increase the 
final concentration of the pathogen in the dried oregano. The hypothesis was that a portion 
of EO would be removed after subjecting oregano to desiccation once inoculated. As a 
consequence, the EO concentration would be reduced allowing a better recovery of 
Salmonella after a second inoculation process. Even though conventional drying methods 
are not set at high temperatures (i.e. > 100 °C), a portion of the EO is still removed (18, 
19, 121, 149). For instance, Hassanpouraghdam (74) reported that even drying basil at 
temperatures as low was 40 – 60 °C, the EO could be reduced by almost 1% depending 
the drying method. In their experiment, a 0.9, 0.8, 0.5, and 0.4% EO reductions were 
obtain after shade drying, oven drying at 40 °C, sun drying, and oven drying at 60 °C, 
respectively.  
Although the concentration of Salmonella in the WTO was significantly higher 
than in the first-inoculated oregano before drying (P < 0.05), no significant differences (P 
> 0.05) were detected after desiccation (Table 3).  
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Table 3 Concentration of spice-related Salmonella strains in oregano after the 1st and 
2nd inoculation 
Sample Treatment 
After 
inoculation 
Dried 
Log 
CFU/g 
reduction 
Log CFU/g Log CFU/g  
Oregano 1st inoculation 7.3 ± 0.1Ab 3.8 ± 1.3A 3.5 
 2nd inoculation 8.5 ± 0.1B** 6.6 ± 0.2B 1.9 
WTOa 1st inoculation 8.0 ± 0.7B**** 3.8 ± 1.4A 4.2 
aWTO, water treated oregano. 
bData within the same column followed by different letters are significantly different 
(P < 0.05). 
 
 
 
The pathogen concentration after the second inoculation increased 1.2 logs after 
inoculation (Table 3). However, after drying, the concentration of Salmonella was 
significantly higher in the double-inoculated oregano than in the other two treatments (P 
< 0.05). Pre-treating oregano with water did not increase the final concentration of 
Salmonella in the dried oregano when compared with oregano inoculated once. In both 
cases, the final concentration of the pathogen was 3.8 log CFU/g (P > 0.05) (Table 3). 
Even though the double-inoculated oregano had at least 6 log CFU/g after drying, 
physicochemical changes in the oregano leaves are expected to occur seen at least as the 
reduction of the EO (18, 19, 121, 149). On the other hand, it is important to highlight that 
the inoculated Salmonella is subjected to stressful processes twice, increasing the chance 
of developing resistance to further antibacterial treatments in challenge studies (101, 102, 
130). In such case, the calculation of D-values for a pathogen control measure can be 
overestimated. 
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Ideally, inoculation of food in challenge studies should simulate the common ways 
of contamination for the particular type of food (111). For dry spices, possible ways of 
contamination include dry vehicles such as dust and feces, wet vehicles such as fecal 
material from birds, rodents, insects, and other wild animals, etc. In this study, dry vehicles 
were used for the inoculation of dry spices. (17, 55). Dust can contaminate spices when 
drying under the sun in opened fields and during processing that can lead to cross-
contamination (16, 17, 38, 43, 55, 87).  
 
4.2.2 Liquid inoculation of oregano using P. faecium 
Although Pediococcus is has been inoculated in other dry products (49, 85), it was 
not known if Pediococcus also required a resuscitation step to recover injured cells when 
inoculating and drying spices. Therefore, the overlay procedure was evaluated to recover 
possible injured cells. As control, quantification of Pediococcus was performed by pour 
plating KFS agar in the serial diluted samples.  
As can be seen from Figure 5, no significant differences between techniques were 
identified in the enumeration of Pediococcus (P < 0.05) perhaps because of a high 
variability in the results (Figure 5).  
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Figure 5 Liquid inoculation of oregano using Pediococcus faecium 
 
 
 
The effect of desiccation on the survival of P. faecium was null, in other words, no 
significant differences of the P. faecium concentration were detected before and after 
desiccation with or without the resuscitation procedure (P < 0.05).  
 
4.2.3 Liquid inoculation of vacuum-heat-treated oregano 
As mentioned earlier, the EO found in oregano functions as antimicrobial, 
principally by the action of carvacrol and thymol (44, 174). The EO in oregano is 
composed mainly by a mixture of monoterpenoids and monoterpenes such as p-cymene, 
ɣ-terpinene, thymol, and carvacrol (120). The concentration of each compound varies 
according to factors such as the geographic origin and the oregano species (159). 
However, carvacrol is one of the most concentrated components found in oregano’s EO 
independently of the geographic origin of the species (106, 120, 159). 
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Because of the potential antimicrobial effect of the oregano’s EO, a number of 
Salmonella cells die after being added to the dry oregano leaves. Therefore, in order to 
increase the survival of Salmonella in oregano, a partial removal of the oregano’s EO was 
performed using a vacuum-heat procedure.  
The temperature needed to vaporize carvacrol at 0.042 atm was 140 °C. It was 
observed a change of color after drying at 140 °C due to the overheating process. Since 
the objective of vacuum drying the oregano was to increase the final Salmonella 
concentration after inoculation and desiccation, a lower temperature, 70 °C, was tested.  
When the differences of the oregano’s color were compared with the Minolta 
equipment (Table 4), no significant differences were observed in VHTO70°C final color (P 
> 0.05) (Figure 6). On the contrary, VHTO140°C had a significantly darker color (P < 0.05) 
due to higher intensity in the red and blue colors (higher a* and b* values) when compared 
with the non-VHTO and VHTO70°C values (P < 0.05). 
 
 
 
Table 4 VHTO Minolta color measurements 
Sample L a b 
Non-VHTO 51.40ABa 0.33A 23.42A 
VHTO70 °C 52.84A 0.21A 24.24A 
VHTO140 °C 51.05B 2.61B 25.82B 
aData within the same column followed by different letters are significantly different 
(P < 0.05) 
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The analysis of the EO concentration showed a significant difference when heating 
oregano at 140 °C than at 70 °C, both at 0.042 atm of pressure (P < 0.05). The removal of 
EO in VHTO140°C was 58.4%, whereas it was only 18.3% in VHTO70°C. 
 
 
 
Table 5 Oregano's essential oil removal 
Oregano treatment EO content (%) EO removed (%) 
Non-treated 1.25 ± 0.11Ca N/A 
70 °C for 24 h at 0.042 atm 0.93 ± 0.06B 18.3 ± 4.62 
140 °C for 2.5 h at 0.042 atm 0.52 ± 0.03A 58.4 ± 4.36 
aData within the same column followed by different letters are significantly different (P < 0.05) 
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a) Non-treated 
 
 
b) 70 °C for 24 h at 0.042 atm 
 
 
c) 140 °C for 2.5 h at 0.042 atm 
 
Figure 6 Color change of vacuum-heat-treated oregano vs non-vacuum-heat treated 
oregano. 
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4.2.3.1 Inoculation of VHTO using Salmonella 
SRSS and non-SRSS concentration after desiccation was in average 1.6 logs 
higher, in both, VHTO70°C and VHTO140°C than in non-VHTO (P < 0.05) (Figure 7). No 
significant differences were observed in the SRSS concentration when inoculated in the 
VHTO70°C and VHTO140°C after dying (P > 0.05). Similar results were found in the non-
SRSS inoculated in VHTO70°C and VHTO140°C (P > 0.05).
Figure 7 Survival of spice-related (SRSS) and non-spice-related Salmonella strains 
(non-SRSS) in vacuum-heat-treated oregano (VHTO) 
The concentration of SRSS was at least 7 log CFU/g after desiccation in both 
VHTO samples. Although the removal of EO from oregano also benefited the survival of 
the non-SRSS, the maximum concentration reached after desiccation was 5.1 and 5.6 log 
CFU/g for VHTO70°C and VHTO140°C, respectively. 
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The SRSS and non-SRSS concentration was significantly different for the non-
VHTO, VHTO70°C, and VHTO140°C after drying (Figure 8). Even though the SRSS and 
non-SRSS populations in the inocula were the same (10.2 ± 0.3 and 10.3 ± 0.2 log CFU/ml, 
respectively) (P > 0.05), the SRSS survival was higher in all three treatments before and 
after desiccation (P < 0.05). 
Figure 8 Concentration of spice-related (SRSS) and non-spice-related Salmonella strains 
(non-SRSS) after inoculating in vacuum-heat-treated oregano (VHTO) 
The Non-SRSS survival was more affected than the SRSS after desiccation as the 
oregano’s EO content increased (Figure 9). Thirty-three (3/9) and 11 (1/9) % of the dried 
non-VHTO and VHTO70°C samples inoculated with non-SRSS had counts that fell under 
the LOD (< 3 log CFU/g). All VHTO140°C dried samples inoculated with non-SRSS had 
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levels ≥ 5 log CFU/g and all of the dried samples containing SRSS fell above the LOD 
(Figure 9).  
 
 
 
 
Figure 9 Concentration of spice-related (SRSS) and non-spice-related Salmonella 
strains (non-SRSS) after desiccating the inoculated vacuum-heat-treated oregano 
(VHTO)  
 
 
 
Survival of Salmonella was directly affected by the % of EO in oregano (%EO) (P 
< 0.0001), the desiccation process (P < 0.0001), and the strains used (i.e. SRSS or non-
SRSS) (P < 0.0001) (Table 6). Analysis of interactions between these 3 factors showed a 
strong effect given by the type of strains subjected to desiccation (P < 0.001). Although 
the concentration of the EO played an important role in the survival of Salmonella, it 
affected similarly to both, SRSS and non-SRSS, and no strong interactions were detected 
(P > 0.05). These results are not surprising since the non-SRSS have shown more 
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susceptibility to desiccation in different matrices than the SRSS (see Section 4.3.1 and 
4.3.6). 
 
 
 
Table 6 Effect of factors in the survival of Salmonella in inoculated vacuum-
heat-treated oregano 
Factor 
Degrees of 
freedom 
Sum of Squares F Ratio Prob > F 
Straina 1 34.84320 66.5409 <.0001* 
%EO 2 60.98513 58.2324 <.0001* 
Time 1 179.25791 342.3331 <.0001* 
Strain*%EO 2 0.84028 0.8023 0.4513 
Strain*Time 1 9.42043 17.9904 <.0001* 
%EO *Time 2 0.52014 0.4967 0.6101 
Strain*%EO *Time 2 0.40921 0.3907 0.6776 
aStrain refers to the SRSS or non-SRSS, %EO is the % of EO in oregano, and 
Time refers to the moment in which the sample was analyzed: before or after 
desiccation. 
 
 
 
4.2.3.2 Comparison of the concentration of Salmonella when inoculated in oregano 
that had been stored for 2 years 
Results from the survival of Salmonella after oregano’s inoculation and 
desiccation from Section 4.2.1 are significantly higher than those from Section 4.2.3. In 
both instances the oregano was taken from the same batch. The only difference was the 
date when the inoculation was performed. The experiment in Section 4.2.1 was executed 
in 2014, within 6 months of the oregano’s arrival, while Section 4.2.3 was completed in 
2016, 2 years after the oregano’s arrival. As can be seen in Figure 10, the survival of 
Salmonella is significantly higher in oregano stored for 2 years even after inoculation (P 
< 0.05).  
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The higher Salmonella recovery in the experiment performed in 2016 could be due 
to possible partial loss of the oregano’s EO. Indeed, the expiration date for spices is 
determined according to the loss of color and aroma and the loss of these attributes is 
driven by factors such as humidity, temperature, and sunlight (103). The aroma is 
attributed principally to the concentration of the EO remaining in the sample (129). Then, 
when oregano is stored under ideal conditions (i.e. low light, warm-cold temperature, and 
a dry environment), the best-if-used-by date can be extended to 1 – 3 years after the batch 
was produced (103). Despite the fact that the oregano used in this study was stored at 25 
°C, in a dry environment and away from the sunlight, the loss of EO during these 2 years 
could be possible. As seen in Figure 7, it was not necessary to substantially remove all the 
EO from oregano to be able to significantly increase the concentration of Salmonella after 
inoculation. 
Paraskevakis, et al. (126) reported a 5.8% EO loss after storing oregano under 
shade and ambient conditions. These authors analyzed individual compounds from EO 
that showed significant reductions of carvacrol at the end of the 6th month, from an initial 
concentration of 91.21 to 81.28% (P < 0.05) (126). Rosado, et al. (138) reported a EO 
reduction of 0.1% per month in basil leaves while Verma, et al. (169) found a 20% EO 
loss in rosemary leaves after a year of storage under shade at room temperature. The grade 
of EO reduction depends on its volatile-oil composition, which is directly associated with 
the specific type of spice and the storing method (i.e. whole, in pieces, or ground) (169). 
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Figure 10 Recovery of Salmonella inoculated in oregano stored for 2 years 
 
 
 
4.2.3.3 Inoculation of VHTO using Pediococcus faecium 
Pediococcus faecium showed a similar survival pattern to the Salmonella in the 
VHTO trials where the partial removal of the oregano’s EO allowed a higher survival of 
the microorganism (P < 0.05). The improvement in the recovery of P. faecium after 
inoculating in VHTO70°C and VHTO140°C was 1-log cycle higher than in non-VHTO (P < 
0.05) (Figure 11). The differences in the bacterial load after inoculation were due to the 
effect of the EO concentration. A higher antimicrobial effect was shown in non-VHTO 
(Figure 11), where the no EO was removed (P < 0.05) (Table 5).  
After desiccation, the concentration of Pediococcus decreased and this reduction 
was dependent on the EO percentage present in the sample (Table 7).  
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Figure 11 Vacuum dried oregano inoculated with P. faecium 
 
 
 
Table 7 Effect of factors in the survival of Pediococcus faecium in vacuum-heat-treated 
oregano 
Factor Degrees of freedom Sum of Squares F Ratio Prob > F 
%EOa 2 14.054444 263.5208 <.0001* 
Time 1 14.760556 553.5208 <.0001* 
%EO*Time 2 2.621111 49.1458 <.0001* 
a %EO is the % of EO in oregano and Time refers to the moment in which the sample 
was analyzed: before or after desiccation. 
 
 
 
The P. faecium concentration was 2.2 and 3.0 log CFU/g higher in VHTO70°C and 
VHTO140°C, respectively, than in non-VHTO (Figure 11). VHTO140 °C had significantly 
higher concentration of Pediococcus after desiccation than the VHTO70 °C with 7.2 and 6.4 
log CFU/g, respectively (P < 0.05). Nevertheless, this difference is not relevant for 
practical purposes since the goal of the inoculation procedure was having at least 6 log 
CFU/g, for both, Salmonella and Pediococcus. 
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In summary, partial removal of the oregano’s EO resulted in an increase of the 
survival of Salmonella and P. faecium in dry oregano. Although the effect desiccation 
played a major role in reducing the final bacterial load, the final concentration was high 
enough, > 6 log CFU/g, to be used in challenge studies.  
A strong interaction of the Salmonella strains subjected to desiccation was found, 
in which the non-SRSS were more sensitive to desiccation than the SRSS independently 
of the VHTO sample tested. 
 
4.2.4 Liquid inoculation of onion powder 
Liquid media has been the most used vehicle for inoculation of microorganisms in 
food for challenge studies. Usually the inoculated food has a high aw and the addition of a 
liquid inoculum does not substantially affect the moisture content, aw, or other 
physicochemical characteristics of food. These changes are especially important to 
maintain stable when inoculating low aw products such as spices.  
For this study, when onion powder was inoculated at ratios as low as 1:10 v/w, the 
consistency always changed from powdery to sticky. Desiccating the onion powder did 
not restore the consistency to the original characteristics (Figure 12). This is a common 
problem when liquid inoculating highly hygroscopic materials (78). This evidenced the 
differences between spice matrices, which may or may not be adequately restored to 
original conditions after drying following wet inoculation. It was concluded that for onion 
powder, wet inoculation was not adequate in a protocol for inoculating onion powder in 
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challenge studies. Thus, the following experiments involving Salmonella enumeration in 
onion powder followed the dry inoculation only.  
 
 
 
 
a) Non-treated 
 
b) Treated 
Figure 12 Onion powder texture a) before inoculation and b) after inoculation and 
homogenization 
 
 
 
4.3 Dry inoculation of spices 
In this study, silica and talcum powder were used as scenarios of foreign matter 
contamination of spices. As mentioned earlier, contamination of spices with dust or any 
other dry matter is likely to occur.  
For powdery spices, such as onion powder, the use of the starter represents the 
scenario of cross contamination during processing and packaging of the same spice (26).  
 
4.3.1 Inoculation of silica and talcum powder with Salmonella 
Dry inocula have been used as an alternative to inoculate low aw food products 
without changing the physical properties of the food matrix being inoculated for challenge 
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studies. Example of these products inoculated with dry inocula are almonds, nuts, peanut 
butter, whole peppercorn, and cumin (21, 23, 49, 73, 85). 
Dry inocula can be obtained when freeze, vacuum drying bacteria, and by liquid 
inoculating inert powders (21, 49, 78). Certainly, the election of one or another way to 
obtain the dry inocula depends especially on economic resources (78). 
In this study, two inert powders were used to make the dry inocula to inoculate 
oregano: silica and talcum powder.  
Inoculation of silica and talcum powder was adapted from the method described 
by Blessington, et al. (21) for inoculation of almonds. A 1:3 ratio v/w of inoculum in silica 
did not modified substantially the final consistency of silica. Silica showed higher 
hydroscopic properties than talcum powder. It was evident the formation of small grumps 
that were not easy to dissolve with the mortar and pestle. It was observed, in preliminary 
experiments, that the addition of liquid to silica changed the physical properties of the 
powder. For example, the initial consistency of silica did not return to the original one 
even after drying at 35 °C for at least 24 h. These physical changes were more evident 
when working with small amounts of silica, for instance, 10 g.  
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a) 
 
b) 
 
Figure 13 Silica powder consistency, a) non-treated and b) 2 ml of inoculum added to 
10 g of silica 
 
 
 
When inoculating and drying a larger volume of silica (e.g. 50 g), the final physical 
consistency was similar to the non-treated one (Figure 14).  
The disadvantage of using silica was its high tendency to develop static charge, 
making it difficult to handle even though proper equipment was used.  
 
 
 
 
a) Non-treated 
 
b) Inoculated silica (1:3 v/w ratio) 
Figure 14 Powdery consistency of silica 
 
 
 
Handling talcum powder was easier than working with silica powder. Although 
talcum powder’s consistency was similar to clay after adding the liquid inocula, after 
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desiccating at 35 °C during 12 h returned to the powdery consistency. After desiccation, 
sieving and pulverization were needed to dissolve the grumps formed. 
 
 
 
a) 
 
b) 
  
Figure 15 Powdery consistency of talcum a) non-treated and b) inoculated, dried, and 
pulverized (1:3 v/w ratio) 
 
 
 
SRSS concentration was higher than non-SRSS in both, silica and talcum (P < 
0.05). This difference was more evident once the powders were dried (Table 8). The 
reductions after the desiccating talcum were 3.4 and 4.6 Log CFU/g for SRSS and non-
SRSS, respectively.  
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Table 8 Concentration of SRSS and non-SRSS after inoculation and desiccation of silica 
and talcum powder 
Sample 
Silica powder Talcum powder 
SRSS non-SRSS SRSS non-SRSS 
After inoculation 9.0 ± 0.2aB
a 9.1 ± 0.2aB 9.7 ± 0.3aA 9.2 ± 0.1bB 
Dried 8.4 ± 0.2aA 7.3 ± 0.2bA 6.3 ± 0.2aC 4.6 ± 0.5bD 
aWithin a row, values with different lower-case letters are significantly different (P < 
0.05). Within a column, values with different upper-case letters are significantly 
different (P < 0.05). 
 
 
 
Reduction of Salmonella after a drying process has been reported in other studies 
(21, 23, 49, 77). The magnitude of such reductions has been reported to be dependent of 
the temperature of desiccation, pH, composition of the media tested, if the bacteria were 
grown as planktonic cells or as biofilm, Salmonella serotype, and the growth phase at the 
time of desiccation among others (67).  
For instance, Hiramatsu, et al. (77) reported that the survival of Salmonella spp. in 
low-moisture foods was even 100 times higher in food with high concentration of lipids 
than in dried paper disks. In this study, the survival of Salmonella was dependent of pH 
and no Salmonella was detected after inoculation and desiccation of acidic foods with a 
pH < 4. The presence of non-reducing solutes such as sucrose also improves the survival 
of Salmonella after drying (50, 102). Hiramatsu, et al. (77) reported a high survivability 
in products such as chocolate, peanuts, potato chips, and squid chips but not in plain dried 
squid nor paper disks. The difference between products were the sucrose and fat content. 
In this study, survival of the non-SRSS in silica was significantly lower than the 
SRSS (P < 0.05) with 1.8 and 0.6 log reduction respectively. The lower survival of non-
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SRSS was also identified when inoculating oregano (Figure 7), which strongly suggested 
that the non-SRSS are more sensitive to the desiccation effect.  
The desiccation effect in the survival of SRSS and non-SRSS was further evaluated 
and is described in Section 3.9.  
 
4.3.2 Inoculation of oregano using talcum and silica powder  
Concentrations higher than 6 log CFU/g were obtained when inoculating oregano 
with SRSS using silica and talcum powder as a vehicle of the pathogen (Table 9). 
Although the levels of non-SRSS were higher in talcum than the levels reached with the 
SRSS, a more efficient transfer of SRSS was found when inoculating oregano (Table 9). 
Using talcum powder inoculated with 6.3 log CFU/g yielded 6 log CFU/g of SRSS in 
oregano. On the contrary, the non-SRSS levels in talcum were too low (4.5 log CFU/g) 
and non-detectable counts were reported after the inoculation of oregano (< 3 log CFU/g). 
 
 
 
Table 9 Concentration of SRSS and non-SRSS in oregano after inoculation with silica 
and talcum powder 
Sample 
Silica powder Talcum powder 
SRSS non-SRSS SRSS non-SRSS 
Dried 8.4 ± 0.2a 7.3 ± 0.2 6.3 ± 0.2 4.6 ± 0.5 
Inoculated oregano 6.7 ± 0.1 5.0 ± 0.3 6.0 ± 0.8 NDb 
aLog CFU/g ± standard deviation 
bNo detectable levels with a limit of detection < 3 log CFU/g 
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A noteworthy observation during inoculation of silica was the formation of lumps 
when the liquid inoculum was added to the powder. The formation of lumps was more 
evident when inoculating small amounts of silica than when inoculating larger amounts 
(Figure 13b). The dried inoculated silica was sieved and the remaining lumps were 
pulverized. Although this procedure was repeated twice, there were still small lumps, 
smaller than the mesh pore size (0.2 mm), that were difficult to pulverize (Figure 13b). It 
is possible that clusters of bacteria were contained in the small lumps reducing the 
transference of Salmonella to oregano. This could explain that when sieving the mixture 
oregano-silica, the lumps would not transfer Salmonella cells to the oregano leaves, 
decreasing the efficacy of the transfer. 
 
 
 
a) 
  
b) 
  
Figure 16 Dry inoculated oregano leaves, a) Sieved silica and oregano residues and 
b) Inoculated oregano 
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4.3.3 Preliminary experiments: inoculation of silica, talcum powder, and oregano 
using P. faecium 
When the inoculated plates were incubated for 24 h, plates from the overlay 
procedure presented colonies with a diameter of ≥ 0.05 cm whereas, colonies from the 
KFS pour plated plates were not easily distinguished (Table 10).  
 
 
 
Table 10 Pediococcus faecium’s colony size after incubating 24 h at 35 °C 
Procedure Plating media 
Diameter (mm) of colonies by dry vehicle 
Silica Talcum 
Resuscitationa 
TSA 0.58 ±0.01Ab 0.50 ± 0.00A 
TSA+YE 0.59 ±0.01Ab 0.54 ± 0.01A 
No resuscitation KFS ND ND 
aRefers to the two-step overlay procedure where samples were plated onto TSA or TSA+YE and 
incubating 3 h at 35 °C. Afterwards, an overlay of KFS was poured on the incubated plates and 
incubation was continued to 24 h 
bData within the same column followed by different letters are significantly different (P < 0.05) 
cNo detectable 
 
 
 
If injured P. faecium cells are plated directly on selective media, i.e. KFS agar, it 
is possible that sublethally injured cells get inhibited (84). Furthermore, another potential 
factor that can add up inhibition during the enumeration is the heat-shock received when 
pour-plating KFS at 45- 50 °C. An advantage of performing the two-step overlay 
procedure is that by the time the KFS is poured, cells are already resuscitated. In fact, the 
overlay procedure shows to recover the same or even more cells form the dried materials. 
This can be seen in the enumeration of Pediococcus in talcum powder were the variability 
in the counts is small (greatest standard deviation of ±0.2 Log CFU/g) when compared 
with silica powder (greatest standard deviation of ±1.0 Log CFU/g) (Table 12) 
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Additionally, the overlay procedure allowed reading the plates at 24 h of incubation 
instead of 48 h (as the pour plating procedure dictates). No significant differences were 
detected at 24 h of incubation between the counts of Pediococcus in silica and talcum 
powder when using TSA or TSAYE (P > 0.05) (Table 11).  
There was a significant difference in the counts after 48 h of incubation, when 
using TSA and TSAYE in dried silica (P < 0.05), whereas no significant differences were 
obtained when comparing the overlay procedure (TSA and TSAYE) vs using only KFS (P 
> 0.05). The variability in the results when using only KFS was high, making it difficult 
to see a true difference when compared with TSA and TSAYE. Smaller variability in the 
counts was obtained in the talcum powder samples. Despite the significant differences in 
the final counts in dried talcum when using the resuscitation and non-resuscitation 
procedure (Table 12) these differences of 0.2 - 0.3 logs are not significant in practical 
terms. 
 
 
 
Table 11 Recovery of P. faecium from silica and talcum powder before and after 
desiccation. Selection of the enumeration procedure when incubating plated samples for 
24 h 
Procedure 
After inoculation After desiccation 
Silica Talcum Silica Talcum 
Resuscitationa 
TSA 9.0 ± 0.2Ab 9.1 ± 0.1A 7.4 ± 1.0A 9.0 ± 0.1A 
TSAYE 8.9 ± 0.2Ac 9.1 ± 0.1A 8.0 ± 0.2A 9.0 ± 0.1A 
No resuscitation KFS N/A N/A N/A N/A 
aRefers to the two-step overlay procedure where samples were plated onto TSA or TSA+YE and incubating 3 h at 
35 °C. Afterwards, an overlay of KFS was poured on the incubated plates and incubation was continued to 24 h. 
bData within the same column followed by different letters are significantly different (P < 0.05) 
cLog CFU/g ± standard deviation 
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Table 12 Recovery of P. faecium from silica and talcum powder before and after 
desiccation. Selection of the enumeration procedure when incubating plated samples for 
48 h 
Procedure 
After inoculation After desiccation 
Silica Talcum Silica Talcum 
Resuscitationa 
TSA 9.0 ± 0.2Ab 9.1 ± 0.0A 7.2 ± 1.0B 9.0 ± 0.1A 
TSAYE 8.9 ± 0.2Ac 9.1 ± 0.2A 8.0 ± 0.2A 9.1 ± 0.2A 
No resuscitation KFS 8.8 ± 0.2A 9.1 ± 0.2A 7.8 ± 0.5AB 8.8 ± 0.1B 
aRefers to the two-step overlay procedure where samples were plated onto TSA or TSA+YE and incubating 3 h at 
35 °C. Afterwards, an overlay of KFS was poured on the incubated plates and incubation was continued to 24 h 
bData within the same column followed by different letters are significantly different (P < 0.05). 
cLog CFU/g *Log CFU/g ± standard deviation. 
 
 
 
The final concentration of P. faecium in dried silica and talcum powder was high 
enough to be used for further inoculation of oregano, with > 7 log CFU/g in silica and > 
8.8 log CFU/g in talcum powder. Smaller reductions of P. faecium were obtained after 
desiccation when inoculating in talcum powder than silica. 
No significant differences were found when enumerating P. faecium from oregano 
inoculated with talcum powder using the resuscitation procedure or without it (P > 0.05). 
Also, the addition of yeast extract to TSA did not seemed to improve the recovery of P. 
faecium from oregano inoculated neither with silica nor talcum (Tables 12-14). However, 
counts of P. faecium from oregano inoculated with silica showed lower significant 
differences between enumerating with the two-step OV using TSA than when using 
TSAYE and the non-resuscitation procedure (P < 0.05). 
Independently of the powder used to inoculate oregano, the final concentration of 
P. faecium reached at least the 6 log CFU/g. However, inoculation of oregano using talcum 
powder yielded between 7.4-7.8 log CFU/g, one logarithm higher than when using silica 
(Tables 12-14).  
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Table 13 Recovery of P. faecium from oregano inoculated with silica and talcum 
powder. Selection of the enumeration procedure when incubating plated samples for 
24 h 
Procedure 
Dried powder Inoculated oregano 
Silica Talcum Silica Talcum 
Resuscitationa 
TSA 7.4 ± 0.1Ab 9.0 ± 0.1A 6.9 ± 0.8A 7.4 ± 0.6A 
TSAYE 8.0 ± 0.1Ac 9.0 ± 0.1A 6.4 ± 0.1A 7.4 ± 0.5A 
No 
resuscitation 
KFS N/A N/A N/A N/A 
aRefers to the two-step overlay procedure where samples were plated onto TSA or TSA+YE and incubating 3 h at 
35 °C. Afterwards, an overlay of KFS was poured on the incubated plates and incubation was continued to 24 h 
bData within the same column followed by different letters are significantly different (P < 0.05). 
cLog CFU/g *Log CFU/g ± standard deviation. 
 
 
 
Table 14 Recovery of P. faecium from oregano inoculated with silica and talcum 
powder. Selection of the enumeration procedure when incubating plated samples for 
48 h 
Procedure 
Dried powder Inoculated oregano 
Silica Talcum Silica Talcum 
Resuscitationa 
TSA 7.2 ± 1.0Bb 9.0 ± 0.1A 6.9 ± 0.8A 7.8 ± 0.1A 
TSAYE 8.0 ± 0.2Ac 9.1 ± 0.2A 6.4 ± 0.1AB 7.8 ± 0.2A 
No resuscitation KFS 7.8 ± 0.5AB 8.8 ± 0.1B 5.8 ± 0.2B 7.7 ± 0.1A 
aRefers to the two-step overlay procedure where samples were plated onto TSA or TSA+YE and incubating 3 h at 
35 °C. Afterwards, an overlay of KFS was poured on the incubated plates and incubation was continued to 24 h 
bData within the same column followed by different letters are significantly different (P < 0.05). 
cLog CFU/g *Log CFU/g ± standard deviation. 
 
 
 
Despite the final concentration of Pediococcus in oregano was > 6 logs when using 
silica, this powder was not used in further experiments due to the difficulty when handling 
it. As previously mentioned, silica gets easily charged with statics increasing the 
probability of getting dispersed all over the working area. This problem represents a high 
concern especially when working with pathogens. 
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4.3.4 Mechanisms of oregano contamination using silica and talcum powders 
At the beginning of the study, it was thought that the mechanism of dry inoculation 
of oregano consisted in transferring bacteria from the inert powder to the oregano leaves 
(Figure 17) due to the electrostatic interactions such as van der Waals attraction (175). 
However, a change of the oregano’s color was evident after inoculating using silica 
and talcum, suggesting that a fine powder layer covered the leaves even after sieving 
(Figure 18-19). 
 
 
 
a) b) c)
 
Figure 17 Mechanism of bacterial transference from inert powders to oregano originally 
suggested: a) inert powder with bacteria attached is mixed with oregano leaves, b) the 
bacterial cells get in contact with the surfaces of oregano leaves and attach to them, c) during 
sieving, the inert powders are separated without the bacterial cells, now attached to the 
oregano leaves. 
Grey squares represent the inert powder surfaces, green squares represent the oregano leaves 
surfaces, and the white ellipses represent the bacterial cells. 
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Figure 18 Color of silica-inoculated oregano (left) and non-treated oregano (right) 
 
 
 
 
Figure 19 Color difference of talcum-inoculated oregano (left) and non-treated 
oregano (right) 
 
 
 
The amount of silica and talcum powder after sieving should be, in theory, the 3 
grams initially added to oregano. When measured, the amount of silica and talcum powder 
recovered was 4 and 3.8 g, respectively. Therefore, the recovered inert powders contained 
~1 g of oregano (Figure 20). Although a 2-mm pore size mesh was used during sieving, 
the mechanical motion when mixing the oregano with the powders could have broken the 
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oregano leaves that passed through the mesh during sieving. Furthermore, the inoculated 
oregano was analyzed using scanning electron microscopy (SEM). 
 
 
Figure 20 Sieved silica with oregano residues 
 
 
 
The SEM showed that, effectively, oregano leaves were totally coated with silica 
or talcum particles after sieving as shown in Figure 21. Although a true transference of 
bacteria could have happened from the powders to the leaves, it seems that the principal 
mechanism of inoculation is a mere mixture of the inert powders, bacterial cells, and 
oregano leaves. 
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a) 
 
b) 
 
c) 
 
Figure 21 Scanning Electron Microscopy pictures of a) non-inoculated oregano, b) 
oregano inoculated with silica (sieved), and c) oregano inoculated with talcum 
(sieved) 
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Silica and talcum particle sizes are 0.2-0.3 and 10 μm, respectively. Salmonella 
cells are about 2- 5 μm in size, therefore, silica is ~10-25 times smaller than Salmonella. 
Then, it is more likely that silica binds around the cells instead of the other way around. 
Although the talcum particle sizes are about 2 times bigger than Salmonella cells, and it 
is possible that the cells attach to the powder as shown in Figure 22a, the SEM images 
revealed high heterogeneity (Figure 22b) perhaps as a result of the mechanical motion 
during homogenization and sieving. 
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a) 
10 mm
 
 
b) 
  
Figure 22 a) Comparison of Salmonella and talcum powder sizes where the grey rectangle 
represents talcum powder and the white ellipse represents a Salmonella cell. b) Scanning 
electron microscopy image of non-inoculated talcum powder shows heterogeneity of the 
particle sizes.  
 
 
 
It cannot be discarded that bacteria can be transferred from the inert powder to the 
oregano leaves. The adherence of a bacterial cell to solid surfaces is given principally by 
the van der Waals and electrostatic forces (136). The total strength of the attachment 
depends at least on the cell shape, the presence of flagella, and the solid material 
topography and polarity. Bacterial cell exterior is negatively charged as well as the inert 
powders (112, 175). If bacterial cells approach to another negatively charged surface, they 
will repel from one another unless the bacterial cells pass a stable distance, which is known 
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as secondary minimum (175). Young (175) described the secondary minimum as the 
distance between 4 and 10 nm from the surface where the electrostatic repulsion still exists 
but cells are close enough to initiate a reversible physical contact with the surface by using 
pili, secreting polymeric capsular materials, and/or using adhesins located at the cell poles. 
As mentioned earlier, this type of attachment is weak and reversible (175). A plant leave 
polarity depends on the type of proteins and molecules found on the surface. The polarity 
of the leave depends on the surface being measured. For example, the upper surface is 
often waxier than the lower surface (46). It seems like the total polarity of the oregano 
leave is strong enough to retain even the inert powders as shown in Figure 19. However, 
further studies are needed to measure the polarity of dry oregano leaves. 
 
4.3.5 Dry inoculation of onion powder  
During standardization of the dry inoculation of onion powder, a liquid inoculation 
was still needed. The lumping was decreased by adding a small volume as inoculum (1 ml 
of the inoculum mixed with 50 g of onion powder in a coffee grinder). To measure the 
effect of this approach in the moisture of the inoculated onion powder, the aw was 
measured, and found to increase from 0.3 to 0.4 after dry inoculation, whereas for the 
liquid inoculation, the aw substantially increased from 0.3 to almost 1.0. The inoculated 
and dried onion powder starter, was used then as inoculum for new and bigger batches of 
onion powder.  
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4.3.5.1 Inoculation of onion powder using Salmonella 
The final concentration of the SRSS and non-SRSS inocula of 10.6 and 10.7 log 
CFU/ml showed no significant differences (P > 0.05). After inoculation, the SRSS had 
significantly a higher survival before and after desiccation (P < 0.05). However, these 
differences of 0.2 and 0.3 logs for the wet and dried onion powder, respectively, are not 
significant in practice (Table 15).  
 
 
 
Table 15. Dry inoculation of onion powder using SRSS and non-SRSS 
Sample 
SRSS Non-SRSS 
Log CFU/g or ml ± SD 
Log CFU/g or ml ± 
SD 
Cocktail 10.6 ± 0.3Aa 10.7 ± 0.2A 
Onion powder after inoculation 8.8 ± 0.1B 8.6 ± 0.2A 
Onion powder after desiccation 8.1 ± 0.1B 7.8 ± 0.2A 
aData within the same row followed by different letters are significantly different (P < 
0.05) 
 
 
 
Interestingly, the reduction of SRSS and non-SRSS after desiccation was smaller 
in onion powder than the other 3 matrices tested previously (i.e. oregano, talcum powder, 
and silica powder) (Table 16). 
The sensitivity of non-SRSS to desiccation can be easily appreciated in Table 16 
for oregano, silica, and onion powder. However, the difference of the reduction between 
SRSS and non-SRSS is minimal (0.1 log) in desiccated onion powder. One explanation to 
this phenomenon is the temperature of desiccation used for each sample. Desiccation of 
oregano, silica and talcum powder was performed at 35 °C and for onion powder at 25 °C. 
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This difference in temperature could explain why the effect of desiccation is smaller and 
almost equal for both, SRSS and non-SRSS. Also, the total reduction for each Salmonella 
cocktail in onion powder was < 1 log cycle when in silica, talcum powder and oregano 
was between 1.7 – 4.6 log cycles.  
A higher tolerance of Salmonella to desiccation has been related to factors such as 
the media of growth. When cells are grown in solid media, the production of biofilms is 
promoted and favors a better adaption to environmental stresses than planktonic bacteria.  
This adaption is related to the expression of several stress-response genes in the 
cell (37, 147). In this experiment, TSB was used to prepare the inoculum for Salmonella 
and no large reductions were obtained after desiccation. It seems that other factors such 
as the inoculated matrix composition (i.e. solutes and type of antimicrobials), the final 
aw, and the temperature for desiccation had a less aggressive effect in Salmonella’s 
survival in onion powder. 
The concentration of solutes, such as sugars, in onion powder is higher than in 
oregano, with 35 g of sugar/ 100 g of onion powder while oregano only has 4 g (35, 36). 
This could have provided more protection to Salmonella cells during desiccation. For 
example, Hiramatsu, et al. (77) found a substantially higher bacterial survival rate of 10 
to 79 times as the level sucrose concentration increased when inoculating in paper disks.  
The high fat content has also associated with a higher protection of the bacterial 
cells in low aw environments (10, 66, 75, 151). Even though the total fat content in oregano 
is 10% and in onion powder is only 1%, this high fat content oregano is composed 
basically by only EO (i.e. antimicrobials).   
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Table 16. Reduction of Salmonella after desiccation of oregano, silica, talcum and onion 
powder 
Sample 
Reduction after desiccation 
(log CFU/g) 
Difference of the reduction 
between Non-SRSS and SRSS 
SRSS Non-SRSS 
Non-VHTO 2.1 3.4 1.3 
VHTO70°C 1.7 3.2 1.5 
VHTO140°C 2.2 3.1 0.9 
Silica powder 0.6 1.8 1.2 
Talcum powder 3.4 4.6 1.2 
Onion powder 0.7 0.8 0.1 
 
 
 
Another important factor that contributed to the higher Salmonella survival in 
onion powder was the final lower aw of 0.3 compared with the aw of 0.45 reached in 
oregano, silica, and talcum powder. The increase in the survival of Salmonella as the aw 
decreases has been reported previously (16, 24, 101).  
 
4.3.5.2 Inoculation of onion powder using P. faecium 
Before running the inoculation of P. faecium experiments, it was necessary to 
determine if the cells became injured after desiccation and the resuscitation procedure was 
needed. To test this, inoculated and desiccated onion powder was sampled and plated 
using 1) only KFS and 2) the overlay procedure (TSA and an overlay with KFS). The 
addition of yeast extract and potassium sulfite to TSA was evaluated in the overlay 
procedure. As control, Pediococcus was enumerated by pour plating KFS in the serial 
decimal diluted samples. The addition of yeast extract to TSA intended to provide sources 
of vitamins and cofactors, proteins, and carbohydrates for a better Pediococcus growth.  
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Volatile disulfide compounds (i.e. di-n-propyl disulfide and n-propyl allyl 
disulfide) have been recognized as natural antimicrobials present in onion. To determine 
the inhibition effect by these compounds, TSA was supplemented with 0.5% K2SO3 (172).  
 The calculated concentration of Pediococcus when adding 1 ml of the inoculum 
(10.2 log CFU/ml) in 50 g of onion powder was 8.5 log CFU/g. As shown in Table 17, no 
bacterial reductions were observed after inoculation or after desiccation. This same pattern 
was observed when inoculating SRSS and non-SRSS in onion powder (Section 4.3.5.1). 
 The comparison of the different supplements added to TSA in the overlay 
procedure showed no significant differences for the enumeration of Pediococcus (P > 
0.05). On the other hand, the enumeration of Pediococcus using the resuscitation 
procedure did not proved to improve the recovery of Pediococcus than when enumerating 
without resuscitating the cells (P > 0.05). This suggests that Pediococcus faecium does not 
get injured after desiccating in onion powder at 25 °C.  
 
 
 
Table 17 Inoculation of onion powder using P. faecium 
Procedure Media After inoculation Dried 
No resuscitation KFS 8.5 ± 0.1aAb 8.6 ± 0.1aA 
Resuscitationa 
TSA 8.6 ± 0.1aA 8.7 ± 0.1aA 
TSA + K2SO3 8.6 ± 0.1aA 8.7 ± 0.2aA 
TSAYE 8.6 ± 0.1aA 8.7 ± 0.2aA 
TSAYE + K2SO3 8.6 ± 0.1aA 8.7 ± 0.2aA 
aRefers to the two-step overlay procedure where samples were plated onto TSA or TSA+YE 
and incubating 3 h at 35 °C. Afterwards, an overlay of KFS was poured on the incubated 
plates and incubation was continued to 24 h 
bWithin a row, values with different lower-case letters are significantly different (P < 0.05). 
Within a column, values with different upper-case letters are significantly different (P < 0.05). 
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4.3.6 Resistance of Salmonella to desiccation 
Selection of the Salmonella strains is important for challenge studies since the 
resistance among strains for a determined treatment varies. It is recommended selecting 
those that show higher resistance or those which have been isolated from the food of 
interest. However, special attention has to be taken to avoid using strains with atypical 
high resistance to a certain treatment (111). An example of an unusual resistance is 
Salmonella Senftenberg 775W which has an extremely resistance to moist heat (117).  
In this study, SRSS showed to have higher resistance to desiccation in silica, 
talcum powder, oregano, and onion powder. However, to determine if there was a true 
difference in the susceptibility to desiccation, SRSS and non-SRSS were inoculated in 
sterile talcum powder (described in Section 3.9) and enumerated on TSA. No selective 
media was used to assure that potentially injured and well as non-injured cells were 
recovered. At the same time, the resuscitation procedure was evaluated to determine if the 
3-h recovery time was long enough for the desiccation-injured cells to recover.  
The comparison of the enumeration using only TSA versus the resuscitation 
procedure demonstrated that the 3-h resuscitation time was enough to allow the injured 
cells to recover (P > 0.05) (Figure 23). 
The concentration of SRSS and non-SRSS inocula was 10.5 and 10.8 log CFU/ml. 
No significant differences were detected between the concentration of SRSS and non-
SRSS with 9.4 log CFU/g each (P > 0.05) right after inoculation of the talcum powder. 
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However, the deleterious effect of desiccation on the non-SRSS was significantly higher 
than the SRSS with 3.5 and 2.2 log reduction, respectively (P < 0.05). 
 
 
 
 
Figure 23. Resistance of Salmonella to desiccation 
 
 
 
The intention of including the non-SRSS (i.e. the MP15 Salmonella strains) was 
to account for variability of the survival rates among the different strains (111). However, 
based on the results of these studies, the non-SRSS was more sensitive to desiccation. 
Hence, using the non-SRSS panel was not considered to be adequate for further 
experiments studies involving an accelerated desiccation (i.e. 35 °C / 12 – 24 h). The 
higher SRSS recoverability after desiccation can be associated with the origin of the 
strains: dry spice (55).  
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4.4 Survival of Salmonella and P. faecium in talcum powder, onion powder, and 
oregano over time 
In general, for all samples, the survival rate was dependent on the temperature of 
storage and independent of the type of sample. This behavior is explained below.  
 
4.4.1 Vacuum-heat treated oregano (VHTO) 
4.4.1.1 Non-VHTO 
Populations of SRSS significantly declined by 1.0 and 0.8 log CFU/g within a 
month of storage at 25 and 4 °C, respectively. These populations remained constant from 
the 4th to the 13th week at those temperatures (Figure 24). At -18 °C, SRSS showed no 
significant reductions during the 13-week storage period (P > 0.05).  
 
 
 
 
Figure 24 Survival of spice-related Salmonella strains in non-vacuum-heat-treated 
oregano stored at 25 °C, 4 °C, and -18 °C. 
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At 25 °C, the non-SRSS populations declined below the level of detection (LOD, 
of 3 log CFU/g) within a month of storage. At the 13th week, the non-SRSS concentration 
was 3 log CFU/g. Non-SRSS showed a better survival at 4 °C than at 25 °C. At 4 °C, the 
non-SRSS were reduced by 0.8 log CFU/g during the first 4 weeks and maintained its 
concentration during the rest of the storage period (Figure 25). 
 
 
 
 
Figure 25 Survival of non-spice-related Salmonella strains in non-vacuum-heat-treated 
oregano stored at 25 °C, 4 °C, and -18 °C. 
 
 
 
The P. faecium populations were more stable than the SRSS and the non-SRSS 
over the 13 weeks at the 3 different temperatures (Figure 26). The overall reduction at the 
end of the study was 0.5, 0.3, and 0.4 logs at 25, 4 and -18 °C, respectively (P > 0.05). 
Even though there was a reduction of 0.5 logs at the 4th week of storage at 25 °C, this was 
not significant (P > 0.05).   
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Figure 26 Survival of P. faecium in non-vacuum-heat-treated oregano stored at 25 °C, 
4 °C, and -18 °C. 
 
 
 
4.4.1.2 Vacuum-heat-treated oregano at 70 °C (VHTO70°C) 
The SRSS survival patterns in VHTO70°C at the 3 different temperatures were 
similar to the survival patterns in non-VHTO (Figure 27). At 25 and 4 °C, SRSS had 
reductions of 1.5 and 1.1 logs, respectively, and maintained those concentrations until the 
13th week of storage. At -18 °C, no significant changes were detected throughout the study 
(P > 0.05). 
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Figure 27 Survival of spice-related Salmonella strains in vacuum-heat-treated oregano 
(70 °C) stored at 25 °C, 4 °C, and -18 °C. 
 
 
 
The non-SRSS population levels in VHTO70° were more stable when stored at -18 
°C and 4 °C than at 25 °C (Figure 28). The initial populations were maintained constant 
at -18 and 4 °C during the 13 weeks of storage (P > 0.05). However, at 25 °C, significant 
reductions of the non-SRSS populations were detected at the 4th and 13th week of storage 
(P < 0.05).  
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Figure 28 Survival of non-spice-related Salmonella strain in vacuum-heat-treated 
oregano (70 °C) stored at 25 °C, 4 °C, and -18 °C.  
 
 
 
The concentration of P. faecium in VHTO70°C slowly declined by 0.4 logs by the 
13th week at 25 °C (P < 0.05). The population of P. faecium at 4 and -18 °C at the end of 
the study was not significantly different than the initial counts (P > 0.05). Although there 
was an increment of 1 log at -18 °C at the 4th week of storage, no bacterial growth can 
occur at those conditions (i.e. -18 °C and aw of 0.45). This apparent increment was 
attributed to a technical laboratory error when processing the samples.  
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Figure 29 Survival of P. faecium in vacuum-heat-treated oregano (70 °C) at 25 °C, 4 
°C, and -18 °C. 
 
 
 
4.4.1.3 Vacuum-heat-treated oregano at 140 °C (VHTO140°C) 
The SRSS population levels in VHTO140°C were more stable when stored at cold 
temperatures than at room temperature (Figure 30). At 1 month of storage, SRSS 
populations significantly decreased by 1.8 logs (P < 0.05). Although there was a slightly 
reduction of 0.4 logs from the 4th to the 13th week, this was not significant (P >0.05).  
The SRSS survival at 4 °C had a small, but significant, decrement from 6.6 to 6.2 log 
CFU/g by the end of the 13th week (P < 0.05).  
At -18 °C, the SRSS concentration remained constant throughout the storage period (P > 
0.05).  
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Figure 30 Survival of spice-related Salmonella strains in vacuum-heat-treated oregano 
(140 °C) stored at 25 °C, 4 °C, and -18 °C. 
 
 
 
The non-SRSS concentration was more stable at -18 °C than at 4 and 25 °C over 
13 weeks (Figure 31). In contradistinction to the non-VHTO and VHTO70°C survival 
patterns at 4 °C, the non-SRSS populations in VHTO140°C had a significant reduction of 
2.3 logs within a month of storage (P < 0.05). A similar pattern occurred in VHTO140°C at 
25 °C with a 1.7 log reduction within a month of storage (P < 0.05). However, the 
reduction level at 4 °C and 25 °C of 2.3 and 1.7 logs respectively, was not significant (P 
> 0.05). After a month of storage, the non-SRSS populations maintained constant at 4 °C 
in the non-VHTO, VHTO70°C, and VHTO140°C. On the contrary, by the 13
th week at 25 °C, 
the non-SRSS population was below the LOD (< 3 log CFU/g). 
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Figure 31 Survival of non-spice-related Salmonella strains in vacuum-heat-treated 
oregano (140 °C) stored at 25 °C, 4 °C, and -18 °C. 
 
 
 
Pediococcus faecium populations at the 3 temperatures, 25, 4 and -18 °C, were 
constant throughout the storage period. No significant differences of the Pediococcus 
levels were detected in the counts at the 4th and 13th week for all 3 temperatures (P > 0.05) 
(Figure 32). 
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Figure 32 Survival of P. faecium in vacuum-heat-treated oregano (140 °C) stored at 25 
°C, 4 °C, and -18 °C. 
 
 
 
4.4.1.4 Salmonella and P. faecium survival rates in VHTO 
The fitted curves obtained from DMFit are shown in Figures 25-33. The blue dots 
represent the experimental data and the red and continuous lines represent the fitted curve 
using the primary level Baranyi’s model. Due to the pattern obtained from all curves, the 
reduction was considered a linear estimation. 
In general, the survival of SRSS in non-VHTO and VHTO70°C presented similar 
patterns where the maximum reductions were reached within a month of storage at 24 and 
4 °C. More stable SRSS levels were detected at -18 °C for all 3 types of oregano (non-
VHTO, VHTO70°C, and VHTO140°C).  
Analysis of the survival rates presented in Table 18 show a correlation between 
the storage temperature with the survivability of Salmonella independently of the %EO 
present in oregano. In general, storing oregano samples inoculated with SRSS and non-
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SRSS at 25 °C resulted in higher reduction rates (Table 18). The time required to reduce 
1 log cycle of P. faecium was calculated using the change rate. For P. faecium, this time 
was at least the 13 weeks of storage at all 3 temperatures. 
Although higher reductions of P. faecium occurred at 25 °C, the rates changes 
obtained when storing for 13th weeks are small enough to be considered non-significant 
especially in VHTO70°C and in VHTO140°C.  
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Table 18 Death rates of salmonellae and P. faecium inoculated in oregano 
Treatment 
Bacterial 
cocktail 
Temperature 
(°C) 
Time to reach 1 log reduction 
(Weeks) 
Rate change  
(Log CFU/g per week) 
SD
a
  
Non-VHTO 
SRSS 
25 > 13.0  -0.0675 0.0580 Figure 33 
4 > 13.0  -0.0612 0.0400  
-18 > 13.0  -0.0163 0.0053  
Non-SRSS 
25 9.1  -0.1093 0.2380 Figure 34 
4 > 13.0  -0.0394 0.0515  
-18 Error     
VHTO70°C 
SRSS 
25 12.6  -0.0791 0.0948 Figure 35 
4 > 13.0  -0.0414 0.0723  
-18 > 13.0  -0.0202 0.0002  
Non-SRSS 
25 6.4  -0.1564 0.0916 Figure 36 
4 > 13.0  0.0342 0.0483  
-18 > 13.0  0.0010 0.0034  
VTHO140°C 
SRSS 
25 6.6  -0.1509 0.0915 Figure 37 
4 > 13.0  -0.0238 0.0136  
-18 > 13.0  0.0161 0.0076  
Non-SRSS 
25 3.5  -0.2897 0.0425 Figure 38 
4 7.1  -0.1404 0.1377  
-18 > 13.0  0.0095 0.0101  
Non-VHTO P. faecium 
25 > 13.0  -0.0365 0.0260 Figure 39 
4 > 13.0  -0.0297 0.0197  
-18 > 13.0  -0.0322 0.0203  
VHTO70°C P. faecium 
25 > 13.0  -0.0297 0.0004 Figure 40 
4 > 13.0  -0.0081 0.0266  
-18 > 13.0  -0.0216 0.0862  
VTHO140°C P. faecium 
25 > 13.0  -0.0151 0.0178 Figure 41 
4 > 13.0  -0.0288 0.0067  
-18 > 13.0  -0.0063 0.0005  
a
SD, standard deviation of the fitted model from DMFit 
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Figure 33 Survival of spice-related Salmonella strains in non-vacuum-heat-treated oregano 
stored at a) 25 °C, b) 4 °C, and c) -18 °C.  
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Figure 34 Survival of non-spice-related Salmonella strains in non-vacuum-heat-treated 
oregano stored at a) 25 °C, b) 4 °C, and c) -18 °C. 
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Figure 35 Survival of spice-related Salmonella strains in vacuum-heat-treated oregano 
(70 °C) stored at a) 25 °C, b) 4 °C, and c) -18 °C. 
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Figure 36 Survival of non-spice-related Salmonella strains in vacuum-heat-treated 
oregano (70 °C) stored at a) 25 °C, b) 4 °C, and c) -18 °C. 
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Figure 37 Survival of spice-related Salmonella strains in vacuum-heat-treated oregano 
(140 °C) stored at a) 25 °C, b) 4 °C, and c) -18 °C. 
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Figure 38 Survival of non-spice-related Salmonella strains in vacuum-heat-treated 
oregano (140 °C) stored at a) 25 °C, b) 4 °C, and c) -18 °C. 
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Figure 39 Survival of P. faecium in non-vacuum-heat-treated oregano stored at a) 25 
°C, b) 4 °C, and c) -18 °C. 
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Figure 40 Survival of P. faecium in vacuum-heat-treated oregano (70 °C) stored at a) 
25 °C, b) 4 °C, and c) -18 °C. 
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Figure 41 Survival of P. faecium in vacuum-heat-treated oregano (140 °C) stored at a) 25 
°C, b) 4 °C, and c) -18 °C. 
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4.4.2 Survival of SRSS, non-SRSS, and P. faecium in talcum and onion powder 
The survival of Salmonella and P. faecium was followed during 24 weeks of 
storage at -18 and 25 °C and for 20 weeks at 4 °C. It was not possible to continue the study 
at 4 °C until the 24th week of storage due to a lack of samples.  
In general, all the strains stored at 4 and -18 °C were more stable over the 20 and 
24 weeks, respectively. The differences in survival at 4 and -18 °C vs 25 °C were more 
evident in onion powder than talcum powder, for both, Salmonella and P. faecium. The 
description of each behavior is described below. 
 
4.4.2.1 Survival in talcum powder 
Populations of SRSS inoculated in talcum powder and stored at 25, 4 and -18 °C 
were overall constant. The SRSS concentration fluctuated during the first 11 weeks at the 
3 temperatures (Figure 42). At 25 °C, SRSS concentration decreased by 0.6 logs at the 
11th week to render 5.8 log CFU/g until the end of the study. Therefore, storing Salmonella 
strains at room temperature is not recommended unless the inoculated matrices are being 
used within 7 weeks of storage. 
At 4 °C, SRSS were more stable than at 25 °C. The reduction of SRSS at 4 and 25 
°C was 0.6 logs from the 1st to the 24th week. However, the greatest reduction at 4 °C was 
registered at the 24th week. The SRSS maintained a concentration of 6.6 – 6.8 log CFU/g 
during the first 11 weeks at 4 °C. The greatest reduction of 0.6 logs was observed from 
the 11th to the 20th week (P >0.05). 
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In general, SRSS remained above 6.5 log CFU/g during the extent of the study at 
-18 °C and no significant differences on their concentration were observed between at the 
1st and 24th week (P>0.05). 
 
 
 
 
Figure 42 Survival of SRSS inoculated in talcum powder stored at 25, 4, and -18 °C 
 
 
 
In overall, the non-SRSS remained constant when stored at 25 °C during 15 weeks. 
Although a reduction of 0.8 logs was registered from the 7 to the 11th week, the numbers 
were restored at the 15th week. A significant reduction of 1.1 logs occurred from the 15th 
week to the end of the study (P <0.05). 
At 4 °C, no significant reductions of non-SRSS occurred (P >0.05) even though 
there was reduction of 0.7 logs from 1st to the 20th week. This lack of significance can be 
explained by the high standard deviation of the samples in the 20th week (0.5 logs).  
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The non-SRSS populations at -18 °C did not decreased throughout the extent of 
the storage period. Although the concentration of non-SRSS at -18 °C seemed to increase 
after the 1st week, this phenomenon is more likely to be a technical artifact. No bacterial 
growth can occur at these harsh conditions in which the non-SRSS were subjected (i.e. aw 
of 0.45 and -18 °C). 
 
 
 
 
Figure 43 Survival of non-SRSS inoculated in talcum powder stored at 25, 4, and -18 
°C 
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for the rest of the study. The counts of P. faecium were not significantly different at the 3 
temperatures over the 20 and 24 weeks of storage (P > 0.05). 
 
 
 
 
Figure 44 Survival of P. faecium inoculated in talcum powder stored at 25, 4 and -18 
°C. 
 
 
 
 The reduction or survival rates for each curve presented above are presented as 
rate changes in Table 19. 
 This growth rates are the values obtained from the Baranyi’s model using DMFit 
add-in for excel. This rate change parameter describes in this case, the tendency of each 
strain to survive or die at each temperature in talcum powder. The time needed to observe 
a log reduction was calculated using the change rate. Although some variability can be 
observed between time points, in general the patterns are considered stable over time. 
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Then, the time needed to reduce 1 log was > 20 weeks for all temperatures and 
microorganisms. 
The fitted curves obtained from DMFit are shown in Figures 38-40. Blue dots 
represent the experimental data and the red and continuous lines represent the fitted curve 
using the primary level Baranyi’s model. Due to the pattern obtained from almost all 
curves, the reduction was considered a linear estimation. The only exception of this 
consideration was the SRSS curve at -18 °C (Figure 45c). The estimation of the 
survival/death rate for Figure 45c yielded a positive and high survival value that could 
have been considered as an actual growth rate. As bacterial growth cannot occur at -18 °C 
and at 0.45 aw, the estimation of the rate was corrected to avoid the calculation of the 
exponential rate in the model.  
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Table 19 Growth rates of SRSS, non-SRSS, and P. faecium in talcum powder at different temperatures 
Bacterial cocktail 
Temperature 
(°C) 
Time to reach 1 log reduction 
(Weeks) 
Rate change 
(log CFU/g per week) 
SDa  
SRSS 
25 > 24.0 -0.0190 0.0098 
Figure 23 4 > 20.0 -0.0230 0.0092 
-18 > 24.0 0.0175 0.0158 
Non-SRSS 
25 > 24.0 -0.0330 0.0151 
Figure 22 4 > 20.0 -0.0250 0.0266 
-18 > 24.0 0.0322 0.0222 
P. faecium 
25 > 24.0 -0.0080 0.0103 
Figure 24 4 > 20.0 0.0158 0.0295 
-18 > 24.0 0.0072 0.0103 
aSD, standard deviation of the fitted model from DMFit 
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Figure 45 Survival of non-spice-related Salmonella strains in talcum powder stored at 
a) 25 °C, b) 4 °C, and c) -18 °C. 
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Figure 46 Survival of spice-related Salmonella strains in talcum powder stored at a) 25 
°C, b) 4 °C, and c) -18 °C. 
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Figure 47 Survival of P. faecium in talcum powder stored at a) 25 °C, b) 4 °C, and c) -
18 °C. 
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4.4.2.2 Survival in onion powder  
Reductions of Salmonella and P. faecium were more prompt to occur in onion 
powder than in talcum powder, and at 25 °C than at cold temperatures. 
As previously mentioned, the highest reduction of SRSS occurred at 25 °C. The 
overall reduction at 25 °C was > 4.7 logs and non-detectable numbers were reported by 
the end of the study (i.e. < 3 log CFU/g).  
SRSS counts throughout the 20 weeks at 4 °C slightly decreased in 1 log over the 
storage period. Although the differences between the concentration in the 1st and 20th week 
are significant (P < 0.05), for practical purposes, the inoculated onion powder, or starter, 
can still be mixed with new batches of onion powder in a ratio 1:10 w/w and render at 
least 6 log CFU/g within the 20-week window at 4 °C. 
Considering that the SRSS concentration varied in ± 0.1 log at -18 °C during the 
24 weeks of storage and no significant reductions were observed (P >0.05), the survival 
of SRSS was considered stable. 
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Figure 48 Survival of spice-related Salmonella strains inoculated in onion powder 
stored at 25, 4, and -18 °C 
 
 
 
 
The survival of non-SRSS and SRSS presented similar survival patterns in onion 
powder at the 3 temperatures.  
Reductions at 25 °C were more evident and non-detectable levels were reached at 
the 24th week of storage. The first log reduction of the non-SRSS occurred at the 2nd week 
and the overall reduction was > 4.6 logs. 
At 4 °C, populations of non-SRSS remained constant until the 11th week and a log 
reduction was registered by the 20th week (Figure 49).  
At -18 °C, the non-SRSS load remained constant during the length of the study 
with an average of 7.6 ± 0.1 log CFU/g. Although there was a reduction of 1 log at the 2nd 
week of storage, this was considered a technical laboratory error since the later time points 
showed a constant concentration. 
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Figure 49 Survival of non- spice-related Salmonella strains inoculated in onion 
powder stored at 25, 4, and -18 °C 
 
 
 
Pediococcus faecium counts started declining after the 2nd week at 25 °C and 
reached 6.5 log CFU/g at the 24th week. The total reduction was 2.4 logs by the end of the 
storage period at 25 °C. In contrast, P. faecium survival’s patterns were stable at cold 
temperatures. In fact, no significant reductions were detected at 4 and -18 °C (P > 0.05) 
(Figure 50).  
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Figure 50 Survival of P. faecium inoculated in onion powder stored at 25, 4, and -18 
°C 
 
 
 
The parameters given by fitting the data points in DMFit are showed in Table 20. 
The time required to reduce 1 log were calculated using the rate changes. As described 
above, storing the inoculated powder at 25 °C had a higher impact in the survival of the 
microorganisms (Table 20). Then, the time needed to reduce 1 log of Salmonella was ~ 4 
weeks and for Pediococcus was 9 weeks while storing at 4 and -18 °C maintained 
reductions < 1 log for at least 20 and 24 weeks for all microorganisms.  
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Table 20 Growth rates of Salmonella and P. faecium inoculated in onion powder and stored at 25, 4 and -18 °C 
Onion powder 
Temperature 
(°C) 
Time to reach 1 log reduction 
(Weeks) 
Growth rate 
(log CFU/g per week) 
SDa  
SRSS 
25 4.1  -0.2430 0.0112 
Figure 25 4 20.0  -0.0458 0.0094 
-18 > 24.0  -0.0103 0.0044 
Non-SRSS 
25 3.7  -0.2732 0.0226 
Figure 26 4 20.0  -0.0495 0.0078 
-18 > 24.0  0.0117 0.0212 
P. faecium 
25 9.1  -0.1103 0.0134 
Figure 27 4 > 20.0  0.0325 0.0315 
-18 >24.0  0.0082 0.0079 
aSD, standard deviation of the fitted model from DMFit 
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Figure 51 Survival of non- spice-related Salmonella strains in onion powder stored at 
a) 25 °C, b) 4 °C, and c) -18 °C. 
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Figure 52 Survival of spice-related Salmonella strains in onion powder stored at a) 25 
°C, b) 4 °C, and c) -18 °C. 
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Figure 53 Survival of P. faecium in onion powder stored at a) 25 °C, b) 4 °C, and c) -
18 °C. 
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As mentioned in Section 4.3.5 (Table 16) the Salmonella reduction was < 1 Log 
CFU/g when desiccating inoculated onion powder. Indeed, it is noticeable that the 
difference between the reductions of the non-SRSS and the SRSS was small (0.1 log) 
(Table 16). Higher differences in the reduction of both groups of Salmonella cocktails 
were observed in the silica, talcum, and oregano. However, the Salmonella reduction 
patterns in onion powder were greater than in the other 3 matrices (Figures 27-32, 40, 41, 
46, and 47). Such low stability could have been the result of the exposure of Salmonella 
to the antimicrobial compounds found in onion (i.e. organosulfur compounds, phenolic 
compounds, protocatechuic acid, and catechol) (11, 15, 48, 139). In fact, the FDA 
procedures for isolation of Salmonella from onion require the addition of K2SO3 to inhibit 
the antimicrobial compounds (53). A hypothesis to explain the higher recovery of 
Salmonella at the beginning of the stability study is that as the desiccation of the inoculated 
onion powder was performed at 25 °C for 12 h, then, the effect of the antimicrobial 
compounds was not noticeable than when stored for a longer period of time. A similar 
pattern was observed in non-VHTO when stored over time. Oregano was dried at 35 °C 
and it was possible that the antimicrobial compounds vaporized faster than if drying at 25 
°C as for onion powder. Although the oregano’s essential oil strongly impacted the initial 
survivability of Salmonella after desiccation, the reduction of the cells over time was faster 
when compared with silica and talcum. 
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5 CONCLUSIONS 
The development of inoculation procedures for oregano, onion powder, and talcum 
powder will serve as a base for inoculation of other spices or even other low-moisture 
foods. Therefore, these procedures represent a potential solution for inoculation of food 
products that have not been validated properly, precisely due to the lack of inoculation 
procedures. 
As demonstrated on dry oregano, a small portion of the same spice may be pre-
treated with heat under vacuum conditions to remove essential oils that have antimicrobial 
activity, and then using as dry vehicle for inoculating larger amounts of product. This 
would avoid the use of foreign materials such as silica or talcum powder as inoculum 
vehicles, as recommended by some authors. These procedures can be used as reference 
for inoculation of spices during challenge studies. 
The results of this study showed the importance of selecting suitable organisms for 
challenge studies, including the selection of an adequate surrogate and, if the study 
involves inoculation of pathogens, the selection of adequate bacterial strains. In this study, 
Salmonella strains associated with spices were more resistant to the air-desiccation 
processes (i.e. at 35 °C/12 h) than Salmonella strains that were not associated with spices. 
However, the survival of these non-spice-related Salmonella strains was not substantially 
affected when inoculated and desiccated in onion powder at 25 °C (not air-drying). This 
highlights that the type of desiccation, the food matrix, and final aw played a major role in 
the survival of pathogenic cells, even if they were not previously exposed to low aw 
environments. 
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 Pediococcus faecium showed high survivability after inoculation and desiccation 
of oregano, onion powder, and inert powders (silica and talcum powder). It also 
maintained stable populations over time when stored at different temperatures. The 
survival patterns of Salmonella and P. faecium during storage were similar, showing a 
greater reduction at room temperature, and were more stable at cold temperatures (4 °C 
and -18 °C). The best temperature for storage was -18 °C for both microorganisms and all 
the matrices tested.  
 There were differences in the stability between the 2 Salmonella groups; the SRSS 
and non-SRSS, when stored at the 3 different temperatures. However, the survivability at 
-18 °C was more stable for both groups of Salmonella strains.  
 Storing the inoculated matrices at low temperatures (≤ 4 °C) maintained the 
concentration of microorganisms stable. This stability is especially important for P.  
faecium since inoculated ready-to-use inert powders can be stored for at least 6 months. 
However, more studies need to be performed to test the suitability of P. faecium as a 
surrogate when stored for a long period of time at such temperatures. 
 The advantage of using dry inocula is that inoculation of spices can be done right 
before performing the challenge studies without the need of drying them afterwards, this 
feature becomes important for the industry. However, more research is needed to 
determine if using these dry inert powers shift the D-values of the microorganism obtained 
by specific control measures. 
 Finally, talcum powder showed to be a better dry vehicle of microorganisms for 
inoculation of oregano than silica powder. Silica powder is more difficult to handle since 
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it was easily electrostatically charged which resulted in a lack of control when trying to 
weight it and transferred it from one container to another.  
124 
REFERENCES 
1. Abou, Donia M. A. 2008. Microbiological quality and aflatoxinogenesis of Egyptian
spices and medicinal plants. Gobal Vet. 2:175-181.
2. Acuff, G., A. Castillo, and E. Cabrera-Diaz. 2015. Pre-Conference Workshops.
"Process Validation for the Control of Pathogens in the Food Industry". In, XVII
Congreso Internacional de Inocuidad de Alimentos. XXXII Reunión Nacional de
Microbiología, Higiene y Toxicología de los Alimentos, Nayarit, Mexico.
3. Alam Khan, K., N. Choudhury, N. A. Chowdhury, and Q. M. Youssouf. 1992. Effect
of irradiation on quality of spices. Lett. Appl. Microbiol. 14:199-202.
4. Almond Board of California. Date, 2014, Guidelines for process validation using
Enterococcus faecium NRRL B-2354. Available at:
http://www.almonds.com/sites/default/files/content/attachments/guidelines_for_usin
g_enterococcus_faecium_nrrl_b-
2354_as_a_surrogate_microorganism_in_almond_process_validation.pdf. Accessed
Jun 23, 2016. 
5. American Spice Trade Association. 2005. Oregano monograph. Oreganum vulgare/
Lippia spp. p. 12. In  ASTA.
6. American Spice Trade Association. 2011. Clean, Safe Spices. Guidance from the
American Spice Trade Association. In  ASTA, Washington, D.C.
7. Annous, B.A., and M.F. Kozempel. 1998. Influence of growth medium on thermal
resistance of Pediococcus sp. NRRL B-2354 (formely Micrococcus freudenreichii)
in liquid foods. J Food Prot. 61:578-581.
8. Arias-Rios, E.V., J. Dickson, G. Acuff, and A. Castillo. 2016. Resistance of spice-
related Salmonella serotypes and Pediococcus faecium NRRL B-2354 to
dehydration, gamma-irradiation and dry storage. In, International Association for
Food Protection (IAFP), Saint Louis, MO.
9. Arora, Daljit S., and Jasleen Kaur. 1999. Antimicrobial activity of spices. Int. J.
Antimicrob. Agents. 12:257-262.
10. Aviles, B., Klotz. C., T. Smith, R. Williams, and M. Ponder. 2013. Survival of
Salmonella enterica serotype Tennessee during simulated gastric passage is
improved by low water activity and high fat content. J Food Prot. 76:333-337.
11. Azu, N., and R. Onyeagba. 2006. Antimicrobial properties of extracts of Allium cepa
(onions) and Zingiber officinale (ginger) on Escherichia coli, Salmonella typhi and
Bacillus subtilis. Int J Trop Med. 3:1-7.
 125 
 
12. Ban, G., and D. Kang. 2014. Effects of gamma irradiation for inactivating 
Salmonella Typhimurium in peanut butter product during storage. Int. J. Food 
Microbiol. 171:48-53. 
13. Banerjee, M., and P. Sarkar. 2003. Microbiological quality of some retail spices in 
India. Food Res. Int. 36:469-474. 
14. Baranyi, J., and T. A. Roberts. 1994. A dynamic approach to predicting bacterial 
growth in food. Int. J. Food Microbiol. 23:277-294. 
15. Benkeblia, N. 2004. Antimicrobial activity of essential oil extracts of various onions 
(Allium cepa) and garlic (Allium sativum). Lebensm.-Wiss. u.-Technol. 37:263–268. 
16. Beuchat, L. R., E. Komitopoulou, H. Beckers, R. P. Betts, F. Bourdichon, S. 
Fanning, H. M. Joosten, and B. H. Ter-Kuile. 2013. Low water activity foods: 
increased concern as vehicles of foodborne pathogens. J. Food Prot. 76:150-172. 
17. Beuchat, L. R., E. Komitopoulou, H. Beckers, R. P. Betts, F. Bourdichon, and H. M. 
Joosten. Date, 2011, Persistence and Survival of Pathogens in Dry Food Processing 
Environments. Available at: 
http://ilsi.org/Europe/documents/Persistence%20and%20survival%20report.pdf. 
Accessed Oct 1, 2015. 
18. Blanco, M.C.S.G., Ming, L.C., Marques, M.O.M., Bovi, O.A. 2002. Drying 
temperature effects in peppermint essential oil content and composition. Acta Hort. 
569:95-98. 
19. Blanco, M.C.S.G., Ming, L.C., Marques, M.O.M., Bovi, O.A. 2002. Drying 
temperature effects in rosemary essential oil content and composition. Acta Hort. 
569:99-103. 
20. Blessington, T., E. Mitcham, and L. Harris. 2012. Survival of Salmonella enterica, 
Escherichia coli O157:H7, and Listeria monocytogenes on inoculated walnut kernels 
during storage. J. Food Prot. 75:245-254. 
21. Blessington, T., C. Theofel, and L. Harris. 2013. A dry-inoculation method for nut 
kernels. Food Microbiol. 33:292-297. 
22. Boskovic, M., N. Zdravkovic, J. Ivanovic, J. Djordjevic, J. Janjic, N. Pavlicevic, and 
M. Z. Baltic. 2016. Inhibitory effect of thyme and oregano essential oils and some 
essential oil components on Salmonella Senftenberg and Salmonella Give. Meat 
Technol. 57:67-71. 
 126 
 
23. Bowman, L., K. Waterman, R.  Williams, and M. Ponder. 2015. Inoculation 
preparation affects survival of Salmonella enterica on whole black peppercorns and 
cumin seeds stored at low water activity. J. Food Prot. 78:1259-1265. 
24. Burnett, S. L., E. R. Gehm, W. R. Weissinger, and L. R. Beuchat. 2000. Survival of 
Salmonella in peanut butter and peanut butter spread. J. Appl. Microbiol. 89:472-
477. 
25. Busta, F. F., T. V. Suslow, M. E. Parish, L. R. Beuchat, J. N. Farber, E. H. Garrett, 
and L. J. Harris. 2003. The Use of Indicators and Surrogate Microorganisms for the 
Evaluation of Pathogens in Fresh and Fresh-Cut Produce. p. 179-185. In, Comp. 
Rev. Food Sci. Food Safety, vol. 2. Blackwell Publishing Ltd. 
26. California Department of Public Health, (CDPH). 2010. Investigation of Union 
International Food Company Salmonella Rissen Outbreak Associated with White 
Pepper. p. 15. In  CDPH, Sacramento, CA. 
27. Centers for Disease Control and Prevention (CDC). Date, 2010, Multistate Outbreak 
of Human Salmonella Montevideo Infections (Final Update). Available at: 
http://www.cdc.gov/Salmonella/2010/montevideo-5-4-2010.html. Accessed October 
20, 2013. 
28. Centers for Disease Control and Prevention (CDC). 2013. Botulism Associated with 
Home-Fermented Tofu in Two Chinese Immigrants — New York City, March–April 
2012 In  Morbid Mortal Weekly Rep (MMWR). 
29. Centers for Disease Control and Prevention (CDC). Date, 2016, Salmonella. 
Available at: https://www.cdc.gov/Salmonella/. Accessed Jan 9, 2017. 
30. Ceylan, E., and D.A. Bautista. 2015. Evaluating Pediococcus acidilactici and 
Enterococcus faecium NRRL B-2354 as thermal surrogate microorganisms for 
Salmonella for in-plant validation studies of low-moisture pet food products. J Food 
Prot. 78:934-939. 
31. Ceylan, E., and D. Y. C. Fung. 2004. Antimicrobial activity of spices. J. Rapid Meth. 
Autom. Microbiol. 12:1-55. 
32. Cheméo. Date, 2016, 1,3-Cyclohexadiene, 1-methyl-4-(1-methylethyl)-. Available 
at: https://www.chemeo.com/cid/17-473-8/1,3-Cyclohexadiene,%201-methyl-4-(1-
methylethyl)-.pdf. Accessed Nov 10, 2016. 
33. Cheméo. Date, 2016, «Beta»-Fenchyl alcohol. Available at: 
https://www.chemeo.com/cid/64-389-0/%C2%ABbeta%C2%BB-
Fenchyl%20alcohol.pdf. Accessed Nov 10, 2016. 
 127 
 
34. Codex Alimentarius. 2008. Guidelines for the validation of food safety control 
measures (CAC/GL 69-2008). Joint FAO/WHO Food Standards Program, FAO, 
Rome. 
35. Condé Nast. Date, 2014, Spices, Onion Powder, Nutrition Facts & Calories. 
Available at: http://nutritiondata.self.com/facts/spices-and-herbs/196/2. Accessed 
Dec 9, 2016. 
36. Condé Nast. Date, 2014, Spices, Oregano Dried, Nutrition Facts & Calories. 
Available at: http://nutritiondata.self.com/facts/spices-and-herbs/197/2. Accessed 
Dec 9, 2016. 
37. Cuny, C., M. Lesbats, and S. Dukan. 2007. Induction of a global stress response 
during the first step of Escherichia coli plate growth. Appl. Environ. Microbiol. 
73:885-889. 
38. Danyluk, M. D., Harris, L.J., Sperber, W.H. 2007. Nuts and Cereals. p. 171-183. In 
M. Doyle, Beuchat, L. (ed.), Food Microbiology: Fundamentals and Frontiers. 3rd 
Ed. ASM Press, Washington, DC. 
39. Danyluk, M. D., A. R. Uesugi, and L. Harris. 2005. Survival of Salmonella 
Enteritidis PT 30 on inoculated almonds after commercial fumigation with propylene 
oxide. J. Food Prot. 68:1613-1622. 
40. Das, P., and S.K. Sarma. 2001. Drying of ginger using solar cabinet dryer. J Food 
Sci Technol. 38:619-621. 
41. De Roin, M., S. Foong, P. Dixon, and J. Dickson. 2003. Survival and recovery of 
Listeria monocytogenes on ready-to-eat meats inoculated with a desiccated and 
nutritionally depleted dustlike vector. J. Food Prot. 66:962-969. 
42. den Bakker, H., A. Switt, C. Cummings, K. Hoelzer, L. Degoricija, L. Rodriguez-
Rivera, E. Wright, R. Fang, M. Davis, T. Root, D. Schoonmaker-Bopp, K. Musser, 
E. Villamil, H. Waechter, L. Kornstein, M. Furtado, and M. Wiedmann. 2011. A 
whole-genome single nucleotide polymorphism-based approach to trace and identify 
outbreaks linked to a common Salmonella enterica subsp. enterica serovar 
Montevideo pulsed-field gel electrophoresis type. Appl. Environ. Microbiol. 
77:8648-8655. 
43. Doan, C.H., Davidson, P.M. 2000. Microbiology of potatoes and potatoe products: a 
review. J Food Prot. 63:668-683. 
44. Dorman, H.J., Deans, S.G. 2000. Antimicrobial agents from plants: Antibacterial 
activity of plant volatile oils. J Appl Microbiol. 88:308-316. 
 128 
 
45. Douglas, M., J. Heyes, and B. Smallfield. 2005. Herbs, spices and essential oils. 
Post-harvest operations in developing countries. p. 1-70. In  UNIDO and FAO, 
Vienna, Austria. 
46. Eckardt, N.A. 2004. The Role of Phantastica  in leaf development. Plant Cell. 
16:1073-1075. 
47. Eliasson, L., S. Isaksson, M. Lövenklev, and L. Ahrné. 2015. A comparative study of 
infrared and microwave heating for microbial decontamination of paprika powder. 
Front. Microbiol. 6:1-8. 
48. Eltaweel, M. 2013. Assessment of antimicrobial activity of onion extract (Allium 
cepa) on Staphylococcus aureus; in vitro study In, International Conference on 
Chemical, Agricultural and Medical Sciences (CAMS-2013) Malaysia. 
49. Enache, E., A. Kataoka, D. Black, C. Napier, R. Podolak, and M. Hayman. 2015. 
Development of a dry inoculation method for thermal challenge studies in low-
moisture foods by using talc as a carrier for Salmonella and a surrogate 
(Enterococcus faecium). J. Food Prot. 78:1106-1112. 
50. Finn, S., O. Condell, P. McClure, A. Amézquita, and S. Fanning. 2013. Mechanisms 
of survival, responses and sources of Salmonella in low-moisture environments. 
Front. Microbiol. 4:331. 
51. Finn, S., K. Händler, O. Condell, A. Colgan, S. Cooney, P. McClure, A. Amézquitac, 
J. Hintonb, and S. Fanninga. 2013. ProP is required for the survival of desiccated 
Salmonella enterica serovar Typhimurium cells on a stainless steel surface. Appl. 
Environ. Microbiol. 79:4376-4384. 
52. Food and Agriculture Organization of the United Nations. Date, 2017, Crops. 
Production quantities of Onions, dry by country. 1994-2014. Available at: 
http://www.fao.org/faostat/en/#data/QC/visualize. Accessed Jan 10, 2017. 
53. Food and Drug Administration (FDA). 1998. Bacteriological Analytical Manual 
(BAM). 
54. Food and Drug Administration (FDA). Date, 2008, CPG Sec. 525.750 Spices - 
Definitions. Available at: 
http://www.fda.gov/ICECI/ComplianceManuals/CompliancePolicyGuidanceManual/
ucm074468.htm. Accessed Aug 18, 2016. 
55. Food and Drug Administration (FDA). Date, 2013, Draft Risk Profile: Pathogens and 
Filth in Spices. Available at: 
http://www.fda.gov/downloads/Food/FoodScienceResearch/RiskSafetyAssessment/
UCM367337.pdf. Accessed August 2015. 
 129 
 
56. Food Safety Authority of Ireland. Date, 2005, 3rd Trimester National 
Microbiological Survey 2004 (04NS3) of the European Commission Coordinated 
Programme for the Official Control of Foodstuffs for 2004: Bacteriological and 
Toxicological Safety of Dried Herbs and Spices. Available at: 
https://www.fsai.ie/uploadedFiles/Monitoring_and_Enforcement/Monitoring/Surveil
lance/safety_herbs_spices_2004.pdf. Accessed Nov 21, 2015. 
57. Food Standards Australia New Zeland (FSANZ). Date, 2013, Salmonella (Non-
typhoidal). Available at: 
https://www.foodstandards.gov.au/publications/Documents/Salmonella%20(non-
typhoidal).pdf. Accessed, Jan 2017. 
58. Fookes, M., G. Schroeder, G.C. Langridge, C.J. Blondel, C. Mammina, T.R. Connor, 
H. Seth-Smith, G.S. Vernikos, K.S. Robinson, M. Sanders, N.K. Petty, R.A. 
Kingsley, A.J. Bäumler, S.P. Nuccio, I. Contreras, C.A. Santiviago, D. Maskell, P. 
Barrow, T. Humphrey, A. Nastasi, M. Roberts, G. Frankel, J. Parkhill, G. Dougan, 
and N.R. Thomson. 2011. Salmonella bongori provides insights into the evolution of 
the salmonellae. PLoS Pathogens. 7:e1002191. 
59. Fournomiti, M., A. Kimbaris, I. Mantzourani, S. Plessas, I. Theodoridou, V. 
Papaemmanouil, I. Kapsiotis, M. Panopoulou, E. Stavropoulou, E. E. Bezirtzoglou, 
and A. Alexopoulos. 2015. Antimicrobial activity of essential oils of cultivated 
oregano (Origanum vulgare), sage (Salvia officinalis), and thyme (Thymus vulgaris) 
against clinical isolates of Escherichia coli, Klebsiella oxytoca, and Klebsiella 
pneumoniae. Microb Ecol Health Dis. 26:10.3402/mehd.v26.23289. 
60. Franco, S. L., J. L. Gimenez, F. Martinez Sanchez, and F. Romojaro. 1986. 
Effectiveness of ethylene oxide and gamma irradiation on the microbiological 
population of three types of paprika. J. Food Sci. 51:1571-1572. 
61. Friedman, M., P. R. Henika, and R. E. Mandrell. 2002. Bactericidal activities of 
plant essential oils and some of their isolated constituents against Campylobacter 
jejuni, Escherichia coli, Listeria monocytogenes, and Salmonella enterica. J. Food 
Prot. 65:1545-1560. 
62. García-Pérez, E., F.F. Castro-Álvarez, J.A. Gutiérrez-Uribe, and S. García-Lara. 
2012. Revision of the production, phytochemical composition, and nutraceutical 
properties of Mexican oregano. Rev Mex Cienc Agric. 3:339-353. 
63. Garcia, S., F. Irachea, F. Galvan, and N. Hereida. 2001. Microbiological survey of 
retail herbs and spices from Mexican markets. J. Food Prot. 64:99-103. 
64. Greensmith, M. 1998. 6. Dehydration of Vegetables. p. 159. In, Practical 
Dehydration Woodhead Publishing. 
 130 
 
65. Grocery Manufacturers Association (GMA). Date, 2009, Control of Salmonella in 
Low-Moisture Foods. Available at: http://www.gmaonline.org/downloads/technical-
guidance-and-tools/SalmonellaControlGuidance.pdf. Accessed Dec 2014. 
66. Gruzdev, Nadia, Riky Pinto, and Shlomo Sela. 2011. Effect of Desiccation on 
tolerance of Salmonella enterica to multiple stresses. Appl. Environ. Microbiol. 
77:1667-1673. 
67. Gruzdev, Nadia, Riky Pinto, and Shlomo Sela. 2012. Persistence of Salmonella 
enterica during dehydration and subsequent cold storage. Food Microbiol. 32:415-
422. 
68. Gurtler, J., M.P. Doyle, and J.L. Kornacki. 2014. The Microbiological Safety of 
Spices and Low-Water Activity Foods: Correcting Historic Misassumptions. p. 3-14. 
In J.B. Gurtler, M.P. Doyle, and J.L. Kornacki (ed.), The Microbiological Safety of 
Low Water Activity Foods and Spices Springer, New York. 
69. Gustavsen, S., and O. Breen. 1984. Investigation of an outbreak of Salmonella 
Oranienburg infections in Norway, caused by contaminated black pepper. Am. J. 
Epidemiol. 119:806-812. 
70. Habimana, O., L. L. Nesse, T. Møretrø, K. Berg, E. Heir, L. K. Vestby, and S. 
Langsrud. 2014. The persistence of Salmonella following desiccation under feed 
processing environmental conditions: a subject of relevance. Lett. Appl. Microbiol. 
59:464-470. 
71. Hara-Kudo, Y., K. Ohtsuka, Y. Onoue, Y. Otomo, I. Furukawa, A. Yamaji, Y. 
Segawa, and K. Takatori. 2006. Salmonella prevalence and total microbial and spore 
populations in spices imported to Japan. J. Food Prot. 69:2519-2523. 
72. Hardin, M. 2014. Research Gaps and Needs Pertaining to Microbial Pathogens in 
Spices and Low-aw Foods. p. 427-439. In J.B. Gurtler, M.P. Doyle, and J.L. 
Kornacki (ed.), The Microbiological Safety of Low Water Activity Foods and Spices 
Springer, New York. 
73. Harris, L., A. R. Uesugi, S. Abd, and K. McCarthy. 2012. Survival of Salmonella 
Enteritidis PT 30 on inoculated almond kernels in hot water treatments. Food Res. 
Int. 45:1093-1098. 
74. Hassanpouraghdam, M.B., Hassani, A., Vojodi, L., Farsad-Akhtar, N. 2010. Drying 
method affects essential oil content and composition of basil (Ocimun basilicum L.). 
J. Essent Oil Bear Pl. 13:759-766. 
 131 
 
75. He, Y., D. Guo, J. Yang, M.L. Tortorello, and W. Zhang. 2011. Survival and heat 
resistance of Salmonella enterica and Escherichia coli O157:H7 in peanut butter. 
Appl. Environ. Microbiol. 65:3229-3232. 
76. Hintz, T., K. Matthews, and R. Di. 2015. The use of plant antimicrobial compounds 
for food preservation. BioMed Res. Int. 2015:1-12. 
77. Hiramatsu, R., M. Matsumoto, K. Sakae, and Y. Miyazaki. 2005. Ability of shiga 
toxin-producing Escherichia coli and Salmonella spp. to survive in a desiccation 
model system and in dry foods. Appl. Environ. Microb. 71:6657-6663. 
78. Hoffmans, C. M., and D. Y. C. Fung. 1992. Effective method for dry inoculation of 
bacterial cultures. J. Rapid Meth. Auto. Microbiol. 1:287-294. 
79. Ilic, S., P. Duric, and E. Grego. 2010. Salmonella Senftenberg infections and fennel 
seed tea, Serbia. Emerg. Infect. Dis. 16:893-895. 
80. Inami, G. B., S. M. C. Lee, R. W. Hogue, and R. A. Brenden. 2001. Two processing 
methods for the isolation of Salmonella from naturally contaminated alfalfa seeds. J. 
Food Prot. 64:1240-1243. 
81. Janning, B., P. H. in 't Veld, S. Notermans, and J. Krämer. 1994. Resistance of 
bacterial strains to dry conditions: use of anhydrous silica gel in a desiccation model 
system. J. Appl. Bacteriol. 77:319-324. 
82. Jeong, S., B. Marks, and E. Ryser. 2011. Quantifying the performance of 
Pediococcus sp. (NRRL B-2354: Enterococcus faecium) as a nonpathogenic 
surrogate for Salmonella Enteritidis PT30 during moist-air convection heating of 
almonds. J. Food Prot. 74:603-609. 
83. Jernberg, C., M. Hjertqvist, C. Sundborger, E. Castro, M. Löfdahl, A. Pääjärvi, L. 
Sundqvist, and E. Löf. 2015. Outbreak of Salmonella Enteritidis phage type 13a 
infection in Sweden linked to imported dried-vegetable spice mixes, December 2014 
to July 2015. Eurosurveillance. 20:1-5. 
84. Kang, D., and D. Y. C. Fung. 2000. Application of thin agar layer method for 
recovery of injured Salmonella Typhimurium. Int. J. Food Microbiol. 54:127-132. 
85. Kataoka, A., E. Enache, D. Black, P. Elliott, C. Napier, R. Podolak, and M. Hayman. 
2014. Survival of Salmonella Tennessee, Salmonella Typhimurium DT104, and 
Enterococcus faecium in peanut paste formulations at two different levels of water 
activity and fat. J. Food Prot. 77:1252-1259. 
86. Keller, S., J. VanDoren, E. Grasso, and L. Halik. 2013. Growth and survival of 
Salmonella in ground black pepper (Piper nigrum). Food Microbiol. 34:182-188. 
 132 
 
87. King, K. 2006. Packing and Storage of Herbs and Spices. p. 86-102. In K.V. Peter 
(ed.), Handbook of Herbs and Spices, vol. 3. Woodhead Publishing Limited, 
Cambridge, England. 
88. Kirkin, C., B. Mitrevski, G. Gunes, and P. Marriott. 2014. Combined effects of 
gamma-irradiation and modified atmosphere packaging on quality of some spices. 
Food Chem. 154:255-261. 
89. Koch, J., A. Schrauder, K. Alpers, D. Weber, C. Frank, R. Prager, W. Rabsch, S. 
Broll, F. Feil, P. Roggentin, H. Bochemuhl, H. Tschape, A. Ammon, and K. Stark. 
2005. Salmonella Agona outbreak from contaminated aniseed, Germany. Emerg. 
Infect. Dis. 11:1124-1127. 
90. Kopit, L.M., E.B. Kim, R.J. Siezen, L. Harris, and M.L. Marco. 2014. Safety of the 
surrogate microorganism Enterococcus faecium NRRL B-2354 for use in thermal 
process validation. Appl Environ Microbiol. 80:1899-1909. 
91. Kotzekidou, P. 1998. Microbial stability and fate of Salmonella Enteritidis in halva, 
a low-moisure confection. J Food Prot. 61:181-185. 
92. Kumar, R., and Y.C. Tripathi. 2011. Getting Fragance from Plants. p. 28. In Forest 
Research Institute (ed.), Dehradun, India. 
93. Lawley, R. 2013. Salmonella. In  Food Safety Watch., The Science of Safe Food. 
94. Legnani, P. P., E. Leoni, F. Righi, and L. A. Zarabini. 2001. Effect of microwave 
heating and gamma irradiation on microbiological quality of spices and herbs. Ital. J. 
Food Sci. 13:337-345. 
95. Lehmacher, A., J. Bockemühl, and S. Aleksic. 1995. Nationwide outbreak of human 
salmonellosis in Germany due to contaminated paprika and paprika-powdered potato 
chips. Epidemiol. Infect. 115:501-511. 
96. Lienau, E. K., E. Strain, C. Wang, J. Zheng, A. R. Ottesen, C. E. Keys, T. S. 
Hammack, S. M. Musser, E. W. Brown, M. W. Allard, G. Cao, J. Meng, and R. 
Stones. 2011. Identification of a salmonellosis outbreak by means of molecular 
sequencing. N. Engl. J. Med. 364:981-982. 
97. Lima, C.E. and Cremasco, M.A. 2014. Determination of the enthalpy of vaporizatin 
of Lippia gracilis shum essential oil and its main components by thermogravimetric 
analysis. In, IX Congresso Brasileiro Análise Térmica e Calorimetria, Campinas, SP. 
98. Lin, Y. T., R. G. Labbe, and Kalidas Shetty. 2004. Inhibition of Listeria 
monocytogenes in fish and meat systems by use of oregano and cranberry 
phytochemical synergies. Appl Environ Microbiol. 70:5672-5678. 
 133 
 
99. Ma, L., J. Kornacki, Z. Guodong, L. Chia-Min, and M. Doyle. 2007. Development 
and validation of thermal surrogate microorganisms in ground beef for in-plant 
critical control point validation studies. J Food Prot. 70:952-957. 
100. Marler, B. Date, 2013, Imported Salmonella Spice - Scary and Deadly. Available 
at: http://www.foodpoisonjournal.com/foodborne-illness-outbreaks/imported-
Salmonella-spice-scary-and-deadly/#.VsC5GfIrKUk. Accessed Sep 04, 2014. 
101. Mattick, K. L., and F. Jorgensen. 2000. Habituation of Salmonella spp. at 
reduced water activity and its effect on heat tolerance. Appl. Environ. Microbiol. 
66:4921-4925. 
102. Mattick, K. L., F. Jorgensen, P. Wang, J. Pound, M. H. Vandeven, L. R. Ward, J. 
D. Legan, H. M. Lappin-Scott, and T. J. Humphrey. 2001. Effect of challenge 
temperature and solute type on heat tolerance of Salmonella serovars at low water 
activity. Appl. Environ. Microbiol. 67:4128-4136. 
103. McCormick. Date, 2016, MacCormick FAQs. What is the shelf life of 
McCormick Products? Available at: http://www.mccormick.com/contact. Accessed 
Dec 2, 2016. 
104. McKee, L. H. 1995. Microbial contamination of spices and herbs: a review. Food 
Sci. Technol. 28:1-11. 
105. Mellencamp, M.A., J. Koppien-Fox, R. Lamb, and R. Dvorak. 2011. 
Antibacterial and antioxidant activity of oregano essential oil. p. 354-357. In, Ralco 
Anim Health Safe Pork, Marshall, MN. 
106. Meyers, M. 2005. Oregano and Marjoram. An Herb Society of America Guide to 
Genus Origanum. p. 1-66. In, Herb Soc Amer The Herb Society of America, 
Kirtland, Ohio. 
107. Mitra, J., S. L. Shrivastava, and P. S. Rao. 2012. Onion dehydration: a review. J 
Food Sci Technol. 49:267-277. 
108. Moreira, P. L., T. B. Lourencao, J. P. A. N. Pinto, and V. L. M. Rall. 2009. 
Microbiological quality of spices marketed in the city of Botucatu, Sao Paulo, Brazil. 
J. Food Prot. 72:421-424. 
109. Mukhopadhyay, S., and R. Ramaswamy. 2012. Application of emerging 
technologies to control Salmonella in foods: a review. Food Res. Int. 45:666-677. 
110. Munasiri, M. A., M. N. Parte, A. S. Ghanekar, Arun Sharma, S. R. Padwal-Desai, 
and G. B. Nadkarni. 1987. Sterilization of ground prepacked indian spices by gamma 
irradiation. J. Food Sci. 52:823-824. 
 134 
 
111. NACMCF, National Advisory Committee on Microbiological Criteria for Foods. 
2010. Parameters for determining inoculated pack/challenge study protocols. J Food 
Prot. 73:140-202. 
112. National Center for Biotechnology Information. Date, PubChem Compound 
Database; CID=16211421. Available at: 
https://pubchem.ncbi.nlm.nih.gov/compound/16211421#section=Top. Accessed Feb, 
15, 2017. 
113. Nazzaro, F., F. Fratianni, L. De Martino, R. Coppola, and V. De Feo. 2013. 
Effect of essential oils on pathogenic bacteria. J. Pharm. 6:1451-1474. 
114. Nerz-Stormes, M. Date, 1999, Solbility and Drying Agents. Available at: 
http://www.brynmawr.edu/chemistry/Chem/mnerzsto/drying_agents_1999.htm. 
Accessed Sep 10, 2016. 
115. New World Encyclopedia. Date, 2015, Salmonella. Available at: 
http://www.newworldencyclopedia.org/entry/Salmonella. Accessed Jan 6, 2017, 
2017. 
116. Newkirk, J., M. Ponder, J. Wu, and R.C. Williams. 2016. Survival of Salmonella 
enterica and a surrogate microorganism, Enterococcus faecium, on whole black 
peppercorns and cumin seeds subjected to ethylene oxide fumigation. In, 
International Association for Food Protection (IAFP), Saint Louis, MO. 
117. Ng, H., H.G. Bayne, and J.A. Garibaldi. 1969. Heat resistance of Salmonella: the 
uniqueness of Salmonella senftenberg 775W. Appl Microbiol. 17:78-82. 
118. Nichols, M., and M. Hilmi. 2009. Growing Vegetables for Home and Market. p. 
102. In, Diversification Booklet Number 11. Food and Agriculture Organization of 
the United Nations, Rome. 
119. NIST, National Institute of Standards and Technology. 2016. Standard Reference 
Data. In  U.S. Department of Commerce. 
120. Novák, I., Sipos, L., Kókai. Z., Szabó, K., Pluhár, Zs., Sárosi, Sz. 2011. Effect of 
the drying method on the composition of Origanum vulgare L. subsp. Hirtum 
essential oil analysed by GC-MS and sensory profile method. Acta Alim. 40:130-138. 
121. Okoh, O.O., Sadimenko, A.P., Asekun, O.T., Afolayan, A.J. 2008. The effects of 
drying on the chemical components of essential oils of Calendula officinalis L. Afr J 
Biotechnol. 7:1500-1501. 
122. Opara, L.U. 2003. Onions: Post-Harvest Operation. p. 1-17. In P.-H. 
Compendium (ed.) Massey University, New Zealand. 
 135 
 
123. Ophir, T., and D.L. Gutnick. 1994. A role for exopolysaccharides in the 
protection of microorganisms from desiccation. Appl. Environ. Microbiol. 60:740-
745. 
124. Oussalah, M., S. Caillet, L. Saucier, and M. Lacroix. 2007. Inhibitory effects of 
selected plant essential oils on the growth of four pathogenic bacteria: E. coli 
O157:H7, Salmonella Typhimurium, Staphylococcus aureus and Listeria 
monocytogenes. Food Control. 18:414-420. 
125. Palipane, K. B., and R. H. Driscoll. 1993. Moisture sorption characteristics of in-
shell macadamia nuts. J. Food Eng. 18:63-76. 
126. Paraskevakis, N., E. Tsiplakou, D. Daferera, K. Sotirakoglou, M. Polissiou, and 
G. Zervas. 2015. Changes in essential oil content and composition of Origanum 
vulgare spp. hirtum during storage as a whole plant or after grinding and mixing with 
a concentrate ruminant diet. J Essent Oil Res. 27:264-270. 
127. Peña-Meléndez, M. 2011. Influence of water activity on processing resistance of 
Salmonella serovars and implications on sanitization of pistachios by heat and ozone 
p. 84. In, Food Science and Technology vol. Masters. Ohio State University, Ohio. 
128. Pérez, M., S. Banek, and C. Croci. 2011. Retention of antioxidant activity in 
gamma irradiated argentinian sage and oregano. Food Chem. 126:121-126. 
129. Peter, K. V. 2004. Introduction. In K.V. Peter (ed.), Handbook of Herbs and 
Spices, vol. 2. Woodhead Publishing Limited, Cambridge, England. 
130. Pichereau, Vianney, Axel Hartke, and Yanick Auffray. 2000. Starvation and 
osmotic stress induced multiresistances: influence of extracellular compounds. Int. J. 
Food Microbiol. 55:19-25. 
131. Piyasena, P., R.C. McKellar, and F.M. Bartlett. 2003. Thermal inactivation of 
Pediococcus sp. in simulated apple cider during high-temperature short-time 
pasteurization. Int J Food Microbiol. 82:25-31. 
132. Podolak, R., E. Enache, W. Stone, D. Black, and P. Elliott. 2010. Sources and 
risk factors for contamination, survival, persistence, and heat resistance of 
Salmonella in low-moisture foods. J. Food Prot. 73:1919-1936. 
133. Pruthi, J. S. 2003. Advances in post-harvest processing technologies of 
Capsicum. In A. Krishna (ed.), Capsicum, vol. 33. Taylor and Francis, London. 
134. Rico, C. W., G. Kim, J. Ahn, H. K. Kim, M. Furuta, and J. H. Kwon. 2010. The 
comparative effect of steaming and irradiation on the physicochemical and 
 136 
 
microbiological properties of dried red pepper (Capsicum annum L.). Food Chem. 
119:1012-1016. 
135. Riemann, H. 1968. Effect of water activity on the heat resistance of Salmonella 
in "dry" materials. Appl. Microbiol. 16:1621-1622. 
136. Rijnaarts, H.H.M., Norde, W., Bouwer, E.J., Lyklema, J., Zehnder, A.J.B. 1995. 
Reversibility and mechanism of bacterial adhesion. Colloid Surf B Biointer. 4:5-22. 
137. Roberson, E.B., and M.K. Firestone. 1992. Relationship between desiccation and 
exopolysaccharide production in a soil Pseudomonas sp. Appl Environ Microbiol. 
58:1284-1291. 
138. Rosado, L.D.S., J.E.B.P. Pinto, S.K.V. Bertolucci, H.C.R. de Jesus, and P.B. 
Alves. 2013. Changes in the content and composition of the essential oil of Ocimun 
basilicum L. during storage. J Essent Oil Res. 25:227-232. 
139. Rose, P., M. Whiteman, P.K. Moore, and Y.Z. Zhu. 2005. Bioactive S-alk(en)yl 
cysteine sulfoxide metabolites in the genus Allium: the chemistry of potential 
therapeutic agents. Nat Prod Rep. 22:351-368. 
140. Ruengvisesh, S., A. Loquercio, E. Castell-Perez, and T. M. Taylor. 2015. 
Inhibition of bacterial pathogens in medium and on spinach leaf surfaces using plant-
derived antimicrobials loaded in surfactant micelles. J. Food Sci. 80:M2522-M2529. 
141. SADC Trade. 2006. Trade Information Brief Spices. p. 1-56. In  TIPS and 
AusAID, South Africa. 
142. Sadecka, J. 2010. Influence of two sterilisation ways, gamma-irradiation and heat 
treatment, on the volatiles of black pepper (Piper nigrum L.). Czech J. Food Sci. 
28:44-52. 
143. Santillana F, Sofia M., D. W. Schaffner, and J. F. Frank. 2014. Predicting 
survival of Salmonella in low water activity foods: an analysis of literature data. J. 
Food Prot. 77:1448-1461. 
144. Santillana F., Sofia, M., and J. F. Frank. 2014. Challenges in the Control of 
Foodborne Pathogens in Low-Water Activity Foods and Spices. p. 15-34. In J. 
Gurtler, M. Doyle, and J. Kornacki (ed.), The Microbiological Safety of Low Water 
Activity Foods and Spices Springer New York. 
145. Scallan, E., R. M. Hoekstra, F. Angulo, R.V. Tauxe, M.A. Widdowson, S.L. Roy, 
J.L. Jones, and P.M. Griffin. 2011. Foodborne illness acquired in the United States --
major pathogens. Emerg. Infect. Dis. 17:7-15. 
 137 
 
146. Schaffner, D. W., R. L. Buchanan, S. Calhoun, M. D. Danyluk, L. J. Harris, D. 
Djordjevic, R. C. Whiting, B. Kottapalli, and M. Wiedmann. 2013. Issues to consider 
when setting intervention targets with limited data for low-moisture food 
commodities: A peanut case study. J. Food Prot. 76:360-369. 
147. Scher, K., U. Römling, and S. Yaron. 2005. Effect of heat, acidification, and 
chlorination on Salmonella enterica serovar Typhimurium cells in a biofilm formed 
at the air-liquid interface. Appl. Environ. Microbiol. 71:1163-1168. 
148. Schweiggert, U., R. Carle, and A. Schieber. 2007. Conventional and alternative 
processes for spice production – a review. Trends Food Sci. Technol. 18:260-268. 
149. Sekeroglu, N., Ozguven, M., Erden, U. 2007. Effects of the drying temperature 
on essential oil content of bay leaf (Laurus nobilis L.) harvested at different times. 
Acta Hort. 756:315-320. 
150. Selim, S. 2011. Antimicrobial activity of essential oils against vancomycin-
resistant Enterococci (Vre) and Escherichia coli O157:H7 in feta soft cheese and 
minced beef meat. Braz. J. Microbiol. 42:187-196. 
151. Shachar, D., and S. Yaron. 2006. Heat tolerance of Salmonella enterica serovars 
Agona, Enteritidis, and Typhimurium in peanut butter. J. Food Prot. 69:2687-2691. 
152. Sigma-Aldrich. Date, 2016, Carvacrol ≥98%, FCC, FG. Available at: 
http://www.sigmaaldrich.com/catalog/product/aldrich/w224502?lang=en&region=U
S. Accessed, Dec 7, 2016. 
153. Song, W., H. Sung, S. Kim, K. S. Kim, S. Ryu, and D. Kang. 2014. Inactivation 
of Escherichia coli O157:H7 and Salmonella Typhimurium in black pepper and red 
pepper by gamma irradiation. Int. J. Food Microbiol. 172:125-129. 
154. Sotir, M. J., G. Ewald, A. C. Kimura, J. I. Higa, A. Sheth, S. Troppy, S. Meyer, 
R. M. Hoekstra, J. Austin, J. Archer, M. Spayne, E. R. Daly, and P. M. Griffin. 2009. 
Outbreak of Salmonella Wandsworth and Typhimurium infections in infants and 
toddlers traced to a commercial vegetable-coated snack food. Pediatr. Infect. Dis. J. 
28:1041-1046. 
155. Speck, M.L., Ray, B., Read, R.B. Jr. 1975. Repair and enumeration of injured 
coliforms by a plating procedure. Appl. Microbiol. 29:549-550. 
156. Sutherland, I.W. 1969. Structural studies on colanic acid, the common 
exopolysaccharide found in Enterobacteriaceae, by partial acid hydrolysis. Biochem 
J. 115:935-945. 
 138 
 
157. Teixeira, B., Marques, A., Ramos, C., Serrano, C., Matos, O., Neng, N.R., 
Nogueira, J.M.F., Saraiva, J.A., Nunes, M.L. 2013. Chemical composition of 
bioactivity of different oregano (Origanum vulgare) extracts and essential oil. J Sci 
Food Agric. 93:2707-2714. 
158. Thanissery, R., S. Kathariou, and D. P. Smith. 2014. Rosemary oil, clove oil, and 
a mix of thyme-orange essential oils inhibit Salmonella and Campylobacter in vitro. 
J. Appl. Poult. Res. 23:1-7. 
159. The Herb Society of America. 2005. Oregano and Mejoram: An Herb Society of 
America Guide to the Genus Origanum. In  The Herb Society of America, Kirtland, 
OH. 
160. Trombetta, D., F. Castelli, M. G. Sarpietro, V. Venuti, M. Cristani, C. Daniele, 
A. Saija, G. Mazzanti, and G. Bisignano. 2005. Mechanisms of antibacterial action 
of three monoterpenes. Antim. Agents Chemother. 49:2474-2478. 
161. U.S. Food and Drug Administration (FDA). Date, 2015, BBB - Salmonella spp. 
Available at: 
http://www.fda.gov/food/foodborneillnesscontaminants/causesofillnessbadbugbook/
ucm069966.htm. Accessed Jan 9, 2017. 
162. Uesugi, A. R., M. D. Danyluk, and L. J. Harris. 2006. Survival of Salmonella 
Enteritidis Phage Type 30 on inoculated almonds stored at -20, 4, 23, and 35°C. J. 
Food Prot. 8:1851-1857. 
163. Uesugi, Aaron R., Michelle D. Danyluk, Robert E. Mandrell, and Linda J. Harris. 
2007. Isolation of Salmonella Enteritidis phage Type 30 from a single almond 
orchard over a 5-year period. J. Food Prot. 70:1784-1789. 
164. Unicomb, L. E., G. Simmons, T. Merritt, J. Gregory, C. Nicol, P. Jelfs, M. Kirk, 
A. Tan, R. Thompson, J. Adamopoulos, C. L. Little, A. Currie, and C. B. Dalton. 
2005. Sesame seed products contaminated with Salmonella: three outbreaks 
associated with tahini. Epidemiol. Infect. 133:1065-1072. 
165. Vajdi, M., and R. R. Pereira. 1973. Comparative effects of ethylene oxide, 
gamma irradiation and microwave treatments on selected spices. J. Food Sci. 
38:893-895. 
166. van Acker, J., F. de Smet, G. Muyldermans, A. Bougatef, A. Naessens, and S. 
Lauwers. 2001. Outbreak of necrotizing enterocolitis associated with Enterobacter 
sakazakii in powdered milk formula. J. Clin. Microbiol. 39:293-297. 
167. Van Doren, J., R. Blodgett, R. Pouillot, A. Westerman, D. Kleinmeier, G. Ziobro, 
Y. Ma, T. S. Hammack, V. Gill, M. Muckenfuss, and L. Fabbri. 2013. Prevalence, 
 139 
 
level and distribution of Salmonella in shipments of imported capsicum and sesame 
seed spice offered for entry to the United States: observations and modeling results. 
Food Microbiol. 36:149-160. 
168. Van Doren, J., K. Neil, M. Parish, L. Gieraltowski, L. Gould, and K. Gombas. 
2013. Foodborne illness outbreaks from microbial contaminants in spices, 1973–
2010. Food Microbiol. 36:456-464. 
169. Verma, R.S., L.U. Rahman, S. Mishra, R.K. Verma, A. Chauhan, and A. Singh. 
2011. Changes in essential oil content and composition of leaf and leaf powder of 
Rosmarinus officinalis cv. CIM-Hariyali during storage. Maejo Int J Sci Technol. 
5:181-190. 
170. Waje, C. K., H. K. Kim, K. S. Kim, S. Todoriki, and J. H. Kwon. 2008. 
Physicochemical and microbiological qualities of steamed and irradiated ground 
black pepper (Piper nigrum L.). J. Agric. Food Chem. 56:4592-4596. 
171. Walker, J.C., and M.A. Stahmann. 1955. Chemical nature of disease resistance in 
plants. Ann Rev Plant  Physiol. 6:351-366. 
172. Wallace, H.A., Wagner, D., Roetting, M.J. 1979. Detection of Salmonella in 
onion and garlic powders: Collaborative study. J Assoc Off Anal Chem. 62:499-502. 
173. Wang, C., L. Morgan, P. Godakumbura, L. Kenney, and G. Anad. 2012. The 
inner membrane histidine kinase EnvZ senses osmolality via helix-coil transitions in 
the cytoplasm. EMBO J. 31:2648-2659. 
174. Xu, J., F. Zhou, B. P. Ji, R. S. Pei, and N. Xu. 2008. The antibacterial mechanism 
of carvacrol and thymol against Escherichia coli. Lett. Appl. Microbiol. 47:174-179. 
175. Young, K.D. 2006. The selective value of bacterial shape. Microbiol Mol Biol 
Rev. 70:660-703. 
176. Zaika, L. 1988. Spices and herbs: their antimicrobial activity and its 
determination. J. Food Safety. 9:97-118. 
 
